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PREFACE 


A gyroscope is usually regarded as a mysterious instrument. At least, that 
is the reaction I got when I first started to design them; again when I tried 
to teach engineers and technicians about them; and finally when I tried to 
help salesmen sell them. 

With few exceptions, books on gyroscopes are inadequate, or one has to wade 
through a welter of mathematics to get at the meat of the topic. Some 
useful material is scattered through trade journals which descend upon the 
scientific profession weekly and monthly. For experienced gyro design 
engineers, the material is almost adequate. But for non-specialists, stu¬ 
dents, technicians, engineers, salesmen and managers who come in contact 
with gyroscopes in their studies or work, there is a need for a more descrip¬ 
tive and less mathematical presentation. BASICS OF GYROSCOPES, in 
two volumes, fills that need. 

The material in these books is an outgrowth of two separate teaching 
efforts. While a project engineer with Norden Division of United Air¬ 
craft Corp., I joined in presenting a course to engineers and technicians, 
designed to give a broad understanding of gyroscopic devices. As manager 
of application engineering for Norden, I prepared a gyro primer as a train¬ 
ing aid for technical sales people. 

One’s background and experience are seldom enough to encourage writing 
a technical book without stimulation and encouragement from others. I 
gratefully acknowledge the aid received from many sources: Colleagues, 
manufacturers’ literature, technical articles, etc. 

Space does not permit me to detail each source, but I must single out a 
few people for special thanks. T. R. (Dick) Quermann of Norden, who 
offered a broad technical shoulder to lean on when the going got espe¬ 
cially tough. Hal Winton, formerly of Norden and now with Venitron, who 
recognized the need for a simple gyro presentation and encouraged me in 
my initial efforts in this direction. The John F. Rider staff who have been 
so helpful. Beverly Rosenbaum and Annette Klein of Skiatron who typed 
this manuscript from some very rough drafts. And my family who know 
now that they did not lose a father and husband (during the evenings and 
weekends I spent writing this) but gained a book. 


CARL MACHOVER 


Levittown, New York 
June, 1960 


Digitized by Google 


Original from 

UNIVERSITY OF MICHIGAN 



CONTENTS 


THE RATE GYRO 


Torque In—Rate Out . 1 

Axis Location . 3 

Figure of Merit. 5 

Damped Oscillations . 6 

Temperature Control for Constant Damping. 9 

Typical Construction. 12 

Cross-Coupling Error . 13 

Compensated Roll Pendulum. 14 

Vibrating Rate Gyro: Introduction ..., v ... 18 

Space Tachometer. 21 

Autopilot Damper. 22 

Questions and Problems. 23 


THE INTEGRATING GYRO 


Introduction . 24 

Integration Summary . 26 

Accuracy . 28 

Flotation . 29 

Components ....V-w..... 30 

Hermetic Integrating Gyro . 31 

Stable Table . 31 

Measuring Angular Rate . 34 

Gyro Comparisons. 36 

Questions and Problems . 38 


Digitized by Google 


Original from 

UNIVERSITY OF MICHIGAN 

























STABLE PLATFORMS 


What a Stable Platform Is ... 39 

Remote Antenna Stabilization . 39 

Gimballing Sequence . 42 

Relations Between Gimbal Angles . 43 

Stable Table Mounting . 43 

Antenna As a Two Axes Stable Platform. 44 

Three Gimbal Platform . 49 

Gimbal Lock ... 57 

Four Gimbal Platform ....... 58 

Unlimited Maneuverability . 60 

Questions and Problems . 61 


INERTIAL NAVIGATION 


Navigation ...... 62 

Check Points . 64 

Dead Reckoning Information . 65 

Measuring Velocity .66 

Resolving Accelerations . 72 

Inside-Out and Outside-In Gimballing .. ...^ 78 

Hybrid Systems. 79 

Coriolis Acceleration . 80 

Questions and Problems.. 81 


Digitized by Google 


Original from 

UNIVERSITY OF MICHIGAN 























DIFFICULTIES OF GYRO CONSTRUCTION 


Performance Range .82 

Standards of Cleanliness . 83 

Sperry Rotor Race . 90 

Ballistic Missile Air Gimbal Bearing. 92 

Static and Scorsby Drift Tests . 96 

Rate Gyro and General Tests . 97 

Questions and Problems. 98 

OTHER GYRO APPLICATIONS 

The Earth Is a Gyroscope . 99 

Rifling. 100 

Ship Stabilizers . 101 

Gyrostabilized Cars ...;. 103 

Binocular Stabilizer. 104 

Direction Finders . 106 

Questions and Problems.—. 109 

Index . Ill 

Artwork Credits. 114 


Digitized by Google 


Original from 

UNIVERSITY OF MICHIGAN 




















Torquo In—Rcrie Out 

The vertical and directional gyros are commonly called displacement 
gyros , These units measure the angular displacement or rotation of a base 
surface about some stabilised reference line. Control systems used in con¬ 
junction with displacement gyros utilize a torque in—precession out re¬ 
lationship. Various controlling torques are applied to cause the stabilized 
reference line to precess to a particular position. The torque in—precession 
out relationship determines the quality of the gyro. Random torques pro¬ 
duce unwanted random drifts which affect the precision of the gyro. 




h m -g wm ,j 


If you started with precession or angular rate, you could figure out the 
applied torque. This implies an interesting concept: That if a gyro is 
subjected to any angular rate, a torque, about the quadrature axis will fee 
developed. In other words, a gyro is a bilateral device: A torque input 
produces an angular rate output (torque in—precession out); and an 
angular rate input produces a torque output (precession in—torque out). 
The rate in—torque out relationship is the basis of the rate gyro. See 
Fig, 2-1. 
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Operation 

Consider what would happen to the single-degree-of-freedom gyro if 
subjected to an angular rate about the quadrature axis. The indicated 
torque would be developed about the gimbal axis. Instead of permitting 
complete freedom of movement about the gimbal axis, let us connect a 
spring member (as shown) between the gimbal and the base. See Fig. 2-2. 
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The gimbal rotates about the gimbal a*is until the torque developed by 
the extending spring, just balances out the gyroscopic torque developed 
from the input angular rate. 

The force developed by a spring is-proportional to the stretch (compres¬ 
sion). If the direction of the input angular rate is reversed, the gimbal 
will rotate against the spring in the opposite direction. Therefore, the 
angle of rotation about the gimbal axis is a measure of the input angular 
rate. If a pickoff is arranged to measure this gimbal angle, the pickoff 
reading will be proportional to the input angular rate. 

The result is a gyro which (instead of measuring displacement from a 
reference line) measures the rate-of-change of displacement about a line 
(or axis). This is a rate gyro. Because the gimbal of the rate gyro is 
restrained by a spring, it is sometimes referred to as a captive gyro. 
Basically, the introduction of a spring member changes a displacement 
gyro into a rats gyro, 
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Rate Gyro Torques* 

Rather large torques are developed in a rate gyro. See Pig. 2-3. A reason¬ 
able value of H for a rate gyro is about 5 s 10® dynfc-cm 2 /sec. If this unit is 
used to measure a rate of 100 deg/sec f a gyroscopic torque of about 13 oz-in 
is developed. A rate gyro rotor developing this torque would be about V/ 2 
in diameter by about 1 x / 2 in long, and consume about 7 watt9 of power. 
For some comparison, a standard servo motor of about the same size has 
only .1 the stall torque (1.4 in-oz) for about twice the power input (12 
watts). 
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Axis Location 

The axis about which the spin motor of a rate gyro rotates is called the 
spin reference axis (SRA). The axis about which the gitnbal rotates is 
called the output axis (OA). The axis about which the rate gyro measures 
angular velocity (angular rate) is called the sensitive axis (SA) or input 
axis ( IA). See Fig. 2-4. 

Natural Frequency 

In many ways, the rate gyro acts like a weight hung from a spring (see 
Fig. 2-5), For instance, if we pull the weight down and then release it, 
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constant), and how much the weight is. In the same manner, a rate gyro 
has a natural frequency. The natural frequency (f„) measured in cycles/sec, 
depends upon the spring constant (K. measured in dyne-cm/rad) and the 
inertia of the gimbal motor combination about the output axis (I„, measured 
in gm-ctn 2 ). The equation showing this relationship is: 


spring constant (dyne-cm/rad) 


natural frequency — 0.159 


inertia about output axis (gm-cm ? ) 


Figure of Merit 

Although the user of a rate gyro cannot readily determine the spring con¬ 
stant (K), the manufacturer of the rate gyro will provide the rotor speed 
(W,) and the figure of merit (f»>). The figure of merit is the inertia of the 
motor about the spin reference axis (I*) divided by the inertia of the 
gimbal motor about the output axis (I„) and is set by the basic design of 
the gyto; Note that since I s and'I,'are. expressed in the same unit, while f„, 
has no unit- 


-it is a pure number. 

Usually, the higher the figure of merit, the more satisfactory is the rate 
gyroi The user of the rate gyro will usually specify the maximum rate the 
unit is to measure (W, in deg/sec). Having set these values, the natural 
frequency for any particular rate gyro design can be computed from the 
equation shown in Fig. 2-6. 
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Damped Oscillations 

Let us look at that weight on the spring again. If we pull the weight down 
and then release it, it will oscillate—continually overshooting the 0 position 
for some time before the oscillation dies away. When the instantaneous 
position for the weight is plotted against time, the graph will look some¬ 
thing like that shown in Fig. 2-7, 

This is called a damped oscillation; The oscillation dampens out (stops) 
after a period of time. If this weight-spring system is put in a fluid, called 
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damping fluid, the weight is displaced, and then released, and the weight 


will creep back up to the 0 position without overshooting, providing the 
damping fluid is heavy enough. 

For example, imagine that the fluid were molasses. The instantaneous posi¬ 
tion of the weight plotted against time would look something like that in 
Fig. 2-8. [By using heavier or lighter damping fluids (those of different 
viscosities), the 0 posiue» be set.] 
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number scale is a value called critical damping. This is the lowest value of 
damping (seta equals 1} that does not give an overshoot of the 0 position. 
If the damping is decreased (zeta is less than 1), there are one or more over¬ 
shoots of the 0 position. A system with a damping factor less than 1 is 
called an uaderdamped system. 

When the damping is increased above critical (seta is greater than 1), 
there are ft a overshoots of the 0 position. Such systems are called over¬ 
damped. 

The damping factor most often used is .7. This is a particular underdamped 
case where only one overshoot is present and where the system settles 
out at the final value before it would with any other value of damping: 
Either greater or less than .7. 
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Obtaining Gyro Damping 

In a rate gyro, damping is required between the gimbal and the case (Fig. 
2-10) to reduce similar Oscillations. In some designs, the damping is 
obtained by means of a dashpot—a device which looks very much like a 
piston moving in a cylinder filled with fluid or air. Electric currents called 
eddy currents are sometimes used for damping. Generally; the entire case 
tS;hlled with fluid. 


( 2 - 8 ) 
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Since the gyro could hardly run up at high speeds in viscous fluids required 
for damping, the girnbal holding the wheel is frequently made like a can 
and sealed. The girnbal can be a cylinder rotating about the outer axis, 
concentric with the outer case, which is also made like a cylinder. Using 
this construction, the damping is made larger by either increasing the 
viscosity of the damping fluid, or by decreasing the space between the two 
cylinders. The space between the two cylinders is called the damping gap. 


WISE mmi OF TEMPERATURES 
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Damping Variation With Temperate* 

Fluid damping would be no problem if the rate gyro were to be used at 
only one temperature, But this is not usually the case. In many military 
applications, for example, the gyro must perform properly over a range of 
temperatures from ~rb0 deg to +200 deg F {see Fig. 2-11); The damping 
fluid commonly used in the rate gyro, silicone oil, has about 15 to 1 change 
in viscosity over that temperature range. This means that if the damping 
were .7 at + 200 deg F. the damping would be 10.5 at —60 deg F. Such a 
wide variation in damping is usually intolerable. 

Temperature Control for Constant Damping 

One approach is to operate the gyro at a constant temperature, thereby 
keeping the fluid viscosity constant. Such gyros incorporate a thermostat 
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set to open above the maximum ambient temperature (see Fig, 2-12). If 
the gyro were to be used to plus 200 deg F, the thermostat might be set 
to open at plus 210 deg F. At temperatures below 210 deg F, the thermostat 
is closed and power is applied to a heating blanket surrounding the gyro. 
The gyro is then heated until the temperature is nigh enough to open the 
thermostat, and stays open until the gyro cools down enough to close 
the thermostat again. 


temperature controi for constant damping 


Thmnti) 


Using such a control, the temperature can be maintained constant within 
about plus or minus 5 deg F. This variation in temperature is usually small 
enough to keep the fluid viscosity constant enough for most applications. 
Damping can be held, constant within plus or minus 5 percent of the 
nominal value. Such heater controls require a lot of power; About 100 to 
200 watts—which may not be readily available; 

Damping Control With Differential Expansion 

A number of mechanical means have been devised to reduce the damping 
variation with temperature. These are all aimed at eliminating the heater 
and thermostat. One method makes use of the fact that different materials 
expand at different rates with temperature. Nylon, for example, expands 
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about 4 times more than does aluminum over the same temperature range. 
By placing a nylon sleeve over the gicnbal and fabricating the housing from 
aluminum, the damping gap can be made to change by a factor of 4 to 1 
(see Fig, 2-13} while the fluid viscosity »s changing by a factor of 15 to I. 
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THE DAMPING GAP CAN BE MADE TO CHANGE BY 
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The arrangement is such that the gap gets smaller when the fluid gets less 
viscous. Therefore, the net change in damping is only about 4 to 1 instead 
of 15 to 1. In some applications, even the 4 to 1 damping change is too 
great—but still the very tight control obtained with a heater is not 
warranted. 

Damping Control With Variable Cylinder 

Another system uses the fact that the fluid volume changes with tempera¬ 
ture (see Fig, 2-14). When the fluid is heated and the viscosity decreases, 
the fluid expands. Conversely, when the fluid is cooled and the viscosity 
increases, the fluid contracts. 

All fluid-filled rate gyros must compensate for the change in fluid volume 
with temperature. This is commonly dorre by including a bellows in the 
case. One damping compensator uses the bellows to drive- a, cylinder back 
and forth in the damping gap. The cylinder is made with spring fingers 
which press against the inside case and surround the gimbal can. Sloping 
surfaces are cut into the case. As the fluid expands, the bellows compress, 
and the spring cylinder is compressed by the sloping surfaces into a 
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smaller diameter. This, in turn, reduces the damping gap between the 
spring^ cylinder and the gimbal. When the fluid contracts, the bellows 
expand. This causes the spring cylinder to expand and enlarges the damp¬ 
ing gap. 

In one such design, the damping gap changes by a ratio of 10 to 1 over the 
operating temperature, Since the fluid viscosity changes by 15 to 1 over 
the same range, the net change in damping is about 1.5 to 1. 
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Typical Construction 

The construction of a typical fluid-filled, spring-restrained gyro is shown 
in Fig, 2-15. The motors and pickoffs used are very much the same as those 
described for the vertical gyro. For the particular gyro illustrated, the 
spring restraint is a torsion bar. The full scale rate of the gyro is deter¬ 
mined by the diameter of the torsion bar : The larger the diameter, the 
more gyroscopic torque required for a given amount of twisting. When 
an inductive pickoff is used, the gimbal deflection for full scale rate is 
usually kept less than 1 deg If a potentiometer pickoff is used, a larger 
gimbal deflection is usually used because of the limited resolution available. 
Four degree gimbal deflection is common for a potentiometer pickoff 
rate gyro. 
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Cross-Coupling Error 

We saw before how a lower girnbal deflection results in a higher natural 
frequency. There is another reason for keeping the gimbal deflection as 
small as possible. Thus far in our discussion of gyros, we have been assum¬ 
ing that all the vectors stay at right angles to each other: The spin vector 
is always at right angles to the input angular velocity vector and to the 
precession vector about the output axis. This is not strictly true when the 
rate gyro is subjected to an input angular rate. As a matter of fact, the 
spin vector moves away from being exactly 90 deg from the angular 
velocity input vector by the amount of gimbai deflection around the output 
axis. Look at the vector diagram in Fig. 2-16. We can. resolve the spin 
vector (W„) into two components. One, W*. cos (gimbal deflection angle) 
remains perpendicular to the input and output axes. The other, W* f sin 
(gimbal deflection angle) lies along the input axis. 



This means that if there were an angular velocity about the normal spin 
axis (that which is perpendicular to the input and output axes), a torque 
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would be developed about the output axis because of the component of 
angular momentum (the spin vector component, W„ sin; gimbal deflection) 
along the normal input axis. This torque would cause a deflection about 
the output axis in exactly the same manner as does the torque arising 
from an input about the normal input axis. See Fig. 2-17. 

In effect* the rate gyro becomes sensitive to angular velocities about the 
two axes—instead of only one—and the output from the pickoff is in 
error. This error is called cross-coupling etfor, and is proportional to 
gimbal deflection. The larger the gimbal deflection, the greater the cross- 
coupling error. This is another reason for keeping gimbal deflection as 
small as possible. 

Compensated Roll Pendulum 

There is one variation of the rate gyro which looks something like the 
North seeking gyro compass. This is the compensated pendulum used to 
eliminate turn error in a vertical gyro. See Fig. 2-1ft. Instead of a spring 
restraint, the compensated pendulum uses a bottom heavy (pendulous) 
rotor. The spin axis is mounted along the aircraft pitch axis and the output 
axis is mounted along the aircraft roll axis, Therefore, the input axis is 
along the aircraft azimuth axis. When the plane is flying straight and level, 
the pendulous rotor acts like a plumb bob and lines up with the vertical. 
This provides the roll verU.tffvi. reference for the vertical gyro 
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When the plane goes into a turn, the pendulous rotor tries to fly to the 
outside of the plane. See Fig. 2-19. This produces a torque about the output 
(roll) axis of the compensated pendulum. But an angular velocity is pro¬ 


duced about the compensated pendulum input (azimuth) axis. Since the 
pendulum acts like a rate gyro, the angular velocity about the input axis 
develops a tdrrjue about the output axis. The spin vector *s to such a 
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direction that the gyroscopic torque due to turning is in ar. opposite direc¬ 
tion from the torque trying to make the pendulous mass fly to the outside 
of the turn. 

In the simple system described, the two torques exactly balance for only 
one airspeed and the pendulum stays lined-up with the vertical during the 
turn. It is possible to design a much more elaborate system wherein the 
torques balance out for all values of airspeed. The more simple system, 
however, provides good turn compensation over the range of speeds the 
aircraft is likely to fly. 
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IF THE STRIP ROTATES ABOUT ITS «M AT THE SAME TIME I! pHI 
: IS VISHAMS, A REHRSMfi TORtlUE IS BEYWED 


Vibrating Bate Gyro: Introduction 

Let us look at a fiat metal strip* like a ruler. If we clamp one end and pull 
the other end to one side, and release, the strip will vibrate rapidly, back 
and forth. In Fig. 2-20, when the strip moves from right to left, it actually 
has an angular velocity vector which seems to come out of the page. The 
angular velocity vector reverses (into the page) when the strip moves 
from left to right. Therefore, we get a reversing angular velocity vector 
which is changing at exactly the same frequency as the strip is vibrating. 

Vibrating Rato Gyro: Construction 

If we rotated the strip about its long axis at the same time it was vibrating, 
this would happen: There would be a reversing torque developed whose 
vector is perpendicular to both the vibrating angular velocity vector 
and the input angular rotation velocity vector. This is similar to what 
happens in a rate gyro, where, a torque results about the output axis as a 
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result of an angular velocity about the input axis. The construction of our 
strip, however, is such that not much happens. 

Here is what we can do to make this effect useful. A tuning fork is a 
U-shaped device with a handle. When the legs of the U (the tines) are 
struck, they vibrate rapidly. Each tine is like the flat metal strip we have 
been discussing. See Fig, 2-21. 
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Vibrating Rate Gyro: Operation 

Suppose that by means of electromagnets, we cause the tines of the tuning 
fork to vibrate in opposite directions. See Fig. 2-22. That means that when 
the left-hand tine. A, has an angular velocity vector into the page, the 
right-hand tine, B. has an angular velocity vector out of the page—and 
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vice-versa, How let us give the tuning fork an angular velocity about the 
handle, as illustrated. During the time fine A has an angular velocity 
vector into the page, a torque is developed on tine A which tends to move 
it out of the page. During the same instant, tine B has an angular velocity 
vector out of the page which tends to move it info the page. The tines, in 
effect, are being twisted in a particular direction about the handle in 
response to an input angular velocity about the handle. If the handle is 
made with a torsion bar between it and the base surface, an angle will be 
developed between the handle and the base surface, about the input axis. 
AH we need do is put a pickoff between the base surface and the handle 
and we can measure the twist angle. 
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Vibrating Hat® Gyro; Pickoff and Problems 

The job is a bif tougher than in a regular rate gyro, because the angle is 
constantly changing at exactly the same frequency as the tine vibration. 
To get a useful measure of input angular velocity, we have to compare the 
twist about the input axis with the velocity of one of the tines. See Fig. 
2-23, This is done by putting a Velocity pickoff on the tines as well as 
position pickoff about the input axis. The outputs of the two pickoff s' are 
compared for magnitude and phase angle. Magnitude is proportional to 
the amount of input angular velocity, and phase is proportional to the 
direction of the input angular velocity. 
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Although the nan-built vibrating rate gyro is a relatively new development, 
flies have always used the principle involved. Flies have a couple of 
vibrating rods growing out of their heads which they use for stabilization 
during flight; Engineers have thought of the vibrating gyro after observing 
the behavior of the fly. It is a good idea since it overcomes the mechanical 
problems associated with rapidly spinning rotors. No precision rotor bear¬ 
ing is required, for example. In practice, it was found that tine balance 
and angle measuring problems were quite severe, resulting in about equal 
mechanical complexity for both types: Spinning rotor and vibrating tines. 


Space Tachometer 

Now that we have a rate gyro, what do we do with it ? In one application, 
the rate gyro is built into an aircraft panel instrument. This is called a rate- 
of-turn indicator; and guides the pilot during maneuvers. For example, a 
pilot is required to maintain rate-of-turn while waiting for permission to 
land. In this case the rate gyro acts like a space tachometer. See Fig. 2-24. 

It is also possible to build a stabilization system using rate gyros. Stabiliza¬ 
tion systems using displacement gyros make use of the property of a gyro 
remaining fixed in space. Any angular deviation of the base surface from 
the stabilized reference line can be detected and corrected. Similarly, a 
rate gyro measures angular velocity in space. Suppose it is desired to keep 
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an antenna from moving in space. We can mount a rate gyro on the 
antenna and detect angular velocity. When an angular velocity is detected, 
a servo motor can be energized which will drive the antenna at an 
opposite rate so that the net angular velocity in space is 0. This works 
reasonably well except that there is no absolute position reference. 

If the antenna moves at a rate less than the rate gyro can detect, 
over a period of time, the antenna will move away from the desired 
position. 
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FIG. 2-25 


Autopilot Damper 

One very common application for a rate gyro is in an autopilot. See Fig. 
2-25. Remember that an autopilot is a device for correcting an aircraft when 
it deviates from some reference line. The autopilot system works very 
much like the weight on a spring—which we studied earlier. If nothing 
were done, the correcting mechanism for the autopilot would overshoot 
the desired position, causing the aircraft to oscillate in space. The oscilla¬ 
tions can become so severe that a plane could shake itself apart. A rate 
gyro is used in an autopilot to perform the same function as does the 
damper in the rate gyro: The signal from the rate gyro is used to dampen 
out the oscillations in the autopilot. The signal from the rate gyro slows 
down the rate of correction as the system approaches the desired direction, 
thereby avoiding severe oscillations. When used in this manner, the rate 
gyro is often called a roll, pitch or yaw damper—depending upon the 
axis being controlled. 
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QUESTIONS AND PROBLEMS 


1. Explain: A gyro is a bilateral device. 

2. What are the principal parts of a rate gyro ? 

3. Sketch a rate gyro and label the three axes. 

4. Find the natural frequency of a rate gyro which has the following 
parameters: A. Full scale rate, plus or minus 100 deg/sec; B. Full 
scale gimbal deflection plus or minus 4 deg; C. Wheel spread, 24,000 
rev/min; D. Ratio of I g to I 0 . 

5. Explain: Overdamped, critically damped, and underdamped. 

6. What is the significance of a damping factor equal to .7? 

7. If you wanted to compensate a fluid-filled rate gyro so that damping 
remained constant with the temperature, and you wanted to control the 
damping gap, which way would the gap have to change when the gyro 
got cold? When the gyro got warm? 

8. Explain cross-coupling error. 

9. What two torques are balanced out in the compensated roll pendulum? 

10. Name some of the differences between the vibrating rate gyro and the 
normal rate gyro. 
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Introduction 

We have examined how the displacement and rate gyros work. There is 
another kind of gyro which has come into wide use during the last decade: 
The integrating gyro, It resembles the rate gym, except that the spring is 
omitted. Angular velocity about the input of a aingle-degree-of-freedom 
gyro, causes a gyroscopic torque to be developed about the gimbal or output 
axis. This gyroscopic torque is balanced out by a spring in a rate gyro— 
resulting in a certain gimbal deflection for a particular input angular rate. 

In an integrating gyro, the spring has been left out, and something else 
comes into the picture. Just like the rate gyro, the integrating gyro is 
filled with a damping fluid. See Fig. 2*26. In this case, when a torque is 
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developed about the gimbal axis due to an angular rate about the input 
axis, the gimbal containing the rotor begins to rotate about the gimbal 
or output axis. The only thing resisting the rotation of the gitnhal is the 
damping fluid. The resistance to the gimbal rotation depends directly 
upon the viscosity of the damping fluid and the velocity with which the 
gimbal rotates. This means that for any particular fluid, the faster the 
gimbal rotates, the more the fluid resists the motion. Things balance out so 
that the gimbal rotates at a velocity where the fluid resistance (which is 
about the gimbal axis) exactly matches the torque developed by the 
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gyroscopic action (also a torque about the gimbal axis). A gyroscopic 
torque about the gimbal axis comes from an angular rate about the input 
axis—appointed out in the law of gyroscopics (T — HW t ). 

What cm Integrating Gyro Measures 

In the integrating gyro (Fig. 2-27) an angular velocity about the input 
axis causes the gimbal to move with some angular velocity about the output 
axis, and the gimbal angular velocity about the output axis will always 
be directly proportional to the angular velocity about the input axis. 

If the gimbal is moving about the gimbal axis with an angular velocity 
directly related to the rate about the input axis, then in any given amount 
of time, the total angle through which the gimbal rotates will be directly 
proportional to the total angle through which, the gyro rotates about the 
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An example might make that last statement clearer. Suppose the gyro is 
rotating about the input axis at a rate of 10 deg/sec. We can choose % 
damping fluid viscosity so that the gimbal rotates about the output axis 
with an angular velocity of IQ deg/sec. At the end of l sec, the gyro has 
rotated through 10 deg about, the input axis and the gimbal has rotated 
through 10 deg about the output axis. 
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Therefore, if we put a pickoff around the output axis, we can get a measure 
of how far the gyro has rotated about the input axis. Compare this with 
the usual displacement gyro which measures how far the base surface has 
rotated about the gimbal axis. 

Integration Summary 

Why is this called an integrating gyro? Integration is a mathematical term 
for summing up. If we sum up bits of angular velocity over a time span, 
we get the total angle travelled. That is exactly what happens. The angular 
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velocity about the input axis is summed up (or integrated) about the out¬ 
put axis. The gimbal axis puts out a signal proportional to the integral of 
the input axis angular velocity. See Fig. 2-28. 

Random Drift 

Since the integrating gyro is usually used to measure displacement about 
the input axis, random drift of the gimbal about the output axis becomes 
one of the limiting factors of the units’ performance. A quality integrating 
gyro (see Fig. 2-29), with H = 1 x 10® gm-cm 2 /sec, may have a random 
drift as low as .1 deg/hr. Compare this with the conventional autopilot 
displacement gyro which has a drift rate 300 times greater, even though H 
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is 5 times larger. Using the law of gyroscopics, we find that a random 
torque level below .45 dyne-cm must be maintained to achieve this per¬ 
formance, We will discuss some of the techniques for doing so later. 

Torque Balance 

The integrating gyro incorporates an electrical torquer on the output axis, 
in addition to the pickoff. For the moment, remember that the integrating 
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gyro does not know where its torque is coming from. The torque about 
the output axis is the sum of the gyroscopic torque developed by an 
angular rate about the input axis, plus or minus the torque produced by 
the electrical torquer on the output axis. The combination of these two 
torques roust be balanced out by the viscous damping torque generated 
by the angular velocity of the gimbal about the output axis. This means 
that even if there were no angular velocity about the input axis (but 
that the electrical torquer was exerting a torque) the gimbal would rotate 
about the output axis and the output axis pickoff could not tell whether 
the gimbal displacement occurred from displacement about the input axis 
or from the electrical torquer. See Fig. 2-30. 
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Accuracy 

The accuracy of the integrating gyro input-output relationship is depend¬ 
ent upon a number of factors. See Fig. 2-31. Wheel speed must be kept con¬ 
stant to keep angular momentum constant. Pickoff and torquer outputs 
must be extremely linear. That is, the output voltage and torques must be 
directly proportional to input angles and currents to a high degree of 
accuracy. The viscosity of the damping fluid must be maintained constant. 
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This last problem becomes even more severe because of the particular 
damping fluids used with integrating gyros. One reason for the low drift 
of the integrating gyro is that the gimbal is essentially floated in the 
damping fluid. This eliminates almost all of the gimbal friction. In fact, 
friction levels in the order of .01 dvne-cm can be obtained. Compared to 
20-100 dyne-cm torques common with ball-bearing, this is not a lot.. 

Flotation 

To get 100 percent flotation in a reasonable size, it is necessary to use a 
very dense fluid. Remember what determines flotation: Bouyant force 
is equal to the weight of fluid displaced. Therefore, the greater the density 
of fluid, the heavier a body for a given size can be floated. This high 
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density requirement, plus the need for a fluid whose resistance to velocity 
is proportional to the amount of velocity, dictates the use of a high 
viscosity fluorocarbon—a special fluid quite different from the damping 
fluid (silicone) suitable for rate gyros. The fluorocarbons used have densi¬ 
ties almost twice as great as water, compared to a density of about I for 
silicone. However, their viscosity changes a great deal more with tempera¬ 
ture than does the viscosity of silicone. Where silicone may have a 10:1 
change in viscosity over a particular temperature range, the fluorocarbon 
may have a 100:1 change in viscosity. 
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Components 

The components of the integrating gyro are quite similar to those used 
in the vertical, directional, and rate gyros The electrical pickoff fre¬ 
quently employed is a variation of the microsyn torquer explained earlier. 
This microsyn pickoff (see Fig. 2-33) uses the same mechanical structure— 
a 4-leg stator and shading- pole rotor. Each leg has an exciting winding and 
a pickup winding. The exciting W-ih'dirtg sets up fluxes which couple into 
the pickup windings. When the roibrj iSt at 0 position, the voltages induced 
in the various pickup winding the rotor is rotated from the 0 

position, the voltage induced Irfljjfepevjp* :Of! windings (on opposite legs) 
decreases. The voltages induced ik the other set of windings increases. 
A net voltage is obtained at the output, whose magnitude is proportional 
to the amount of rotation, and whose phase is proportional to the direction 
of rotation. 

Because of the extreme accuracy and resolution required of an integrating 
gyro, potentiometer pickoffs are seldom used- A microsyn torque generator 
is often used as the integrating gyro torquer. In some recent designs, the 
pickoff and torquer have been combined into a single unit. In this case, 
the, pickoff is operated from ac and the torquer is operated from dt- 
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Hermetic Integrating Gyro 

Very little standardization exists in the gyro field. There is no such thing 
as a standard vertical, directional, rate, or integrating gyro. Size, motor, 
pickofftorquer excitation, performance and electrical connectors (just 
to name a few), all differ radically among various manufacturers. Com¬ 
monly, however, the integrating gyro is called an hermetic integrating 
gyro (HIG). The designation is completed by a number between 3 and 7. 
This number is the exponent of the power of 10 of the wheel angular 
momentum expressed in dyne-cn^/sec. For example, an HIG-4 is an integ¬ 
rating gyro whose rotor has an angular momentum of about 10,000 (10*) 
dyne-cm 2 /sec. Similarly, the anguiar momentum of the HIG-6 is about 
1,000,000 (10 fi ) dyne-cmVsec. Fig. 2-34 shows some construction features 
of the HIG. 
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Stable Table 

The integrating gyro is most often used for stabilization. See Fig. 2-35, 
Unlike the displacement gyro, the integrating gyro cannot stabilize by 
brute force. That is, the wheel exerts no direct torque or force on the 
object to be stabilized. Instead, when an output from the integrating gyro 
is detected, an energized servomotor rotates the object on which the gyro is 
mounted until the gyro signal goes to 0. With the signal at 0, the object, 
has stopped rotating in space, or has been stabilized 
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A cluster of integrating gyros can be used to stabilize an object about 
two or three axes. Similarly, a cluster of integrating gyros can be assembled 
into a stable reference similar to a vertical or directional gyro. The stable 
reference would have pickoffs which measure the angles between the 
reference and the base surface. Any number of devices, such as antennas 
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or telescopes could then be stabilized from the stable reference. Therefore, 
the integrating gyro reference can be used in exactly the same manner as is 
the conventional displacement gyro. 

Integrating Gyro as a Vertical Reference 
Fig. 2-36 shows a way in which integrating gyros can be connected to be 
equivalent to a vertical gyro. Two integrating gyrus are «****•£•<«* 
can stabilize about only 1 arris. As long a* the stabilized table .s not totatmg 
in inertial space, the gyro pickoffs will have 0 outputs. It the table begins 
to rotate the gyro sensing the rotation will begin to precess, resulting ur 
In output signal. This signal is amplified and applied to a servo motor 
which turns the table in an opposite direction and reduces the net rotation 
in inertial space to 0. 
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size displacement gyros) would lead to a constant drift with respect to 
the earth’s reference—such as the vertical. Therefore, we mount roll 
and pitch pendulums on the stabilized table. See Fig. 2-37. The output from 
the pendulums are fed into the torquer of the respective integrating gyro. 
If the table is level or horizontal about the axis, there is no problem. How¬ 
ever, if the table is not level about the roll axis, the pendulum will put 
out a signal, causing a torque to be developed about the output axis of the 
roll integrating gyro. The integrating gyro cannot tell whether this torque 
about the output axis is coming from the torquer or from an angular 
velocity about the input axis. So the gyro precesses, and a signal is obtained 
from the roll gyro. This signal, exactly as when the table was rotating in 
inertial space, drives the servo motor. This, in turn, rotates the table. In 
this case, it rotates the table in inertial space at just the correct rate to 
balance out drift, earth’s rate, and earth’s profile. The scheme is similar to 
the erection system for the conventional one- or two-degree-of-freedom 
vertical gyros. 



RATE MEASUREMENT WITH HIG UNIT 


Measuring Angular Rate 

In addition to using integrating gyros as a position reference, it is possible 
by suitable connection between the gyro pickoff and torquer, to make the 
integrating gyro into a rate gyro. See Fig. 2-38. That is, a gyro which 
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measures angular velocity instead of angular position. All that is needed 
is to connect the output of the pickqlf directly into the torquer, Essen¬ 
tially, this configuration works in the following way. When the gyro is 
subjected to an angular velocity about the input axis, a torque is developed 
about the output axis. The gyro princesses about the output axis with a 
velocity determined by the damping fluid. At the same time, the pickoff 
is generating a signal which is being applied to the torquer about the 
output axis. At some point, enough torque will be developed to exactly 
balance out the gyroscopic torque due to the input angular velocity, and 
the gyro will stop processing. This is exactly what happens in a spring- 
restrained rate gyro, except that the mechanical spring (the torsion bar) 
has been replaced by an electrical spring (the torquer). Since the torquer 
is built so that the torque is directly proportional to the driving current, 
the amount of input angular velocity is proportional to the torquer current. 
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This ability to measure rate is one reason why the integrating gyro is 
sometimes called a rate integrating gyro. The other reason is that the gyro 
does indeed integrate the input angular rate. See Fig. 2-39. 

Because of its physical construction, the integrating gyro makes a much 
does the conventional spring restrained 


more sensitive rate gyro than 
rate gyro. Where a spring restrained rate gyro may have a 
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rate of .005 deg/sec, a rate connected integrating gyro with the same 
angular momentum may have a threshold rate of about .0004 deg/sec. The 
difference between the minimum detectable rate and the maximum rate 
is much greater for the integrating gyro. In the spring restrained gyro, 
the ratio between the maximum and minimum rates is about 5,000:1, while 
the integrating gyro will measure rates over a range of 250,000:1. It is, 
however, more complex to use the integrating gyro to measure rates than 
it is to use the spring restrained rate gyro. The integrating gyro will 
probably require an amplifier between the pickoff and torquer, and tem¬ 
perature control will always be involved. Furthermore, the gimbal deflec¬ 
tion of the spring restrained rate gyro will usually be less for a given 
rate input than the gimbal deflection of the integrating gyro. This means 
that the cross-coupling error will be larger when an integrating gyro is 
used to measure rate. 


The term threshold rate has been used to describe the performance of the 
rate gyro. As used in this book, it means the minimum rate which can be 
detected starting from 0 and slowly increasing the rate. See Fig. 2-40. This 
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value is usually higher than the resolution of the rate gyro, which means 
the minimum change in rate that the gyro can detect. This difference is 
almost the same as the difference between static friction and sliding fric¬ 
tion. It is harder to get something moving initially than it is to keep it 
moving once it has started. 

Gyro Comparisons 

In summary, let us compare pickoff location, and what the pickoff measures 
for the single-degree-of-freedom displacement, rate, and integrating gyros. 
See Fig. 2-41. 

In a displacement gyro, pickoff is on the gimbal axis and measures angular 
displacement of base surface about the gimbal axis. 
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In a rate gyro (with a spinning wheel), pickoff is on the gimbal axis and 
measures the rate of angular displacement of the base surface about the 
quadrature axis. 

In a rate gyro (vibrating type) pickoff is on the output axis and measures 
the rate of angular displacement about the same axis. 

In an integrating gyro, pickoff is on the gimbal axis and measures angular 
displacement of the base surface about the .quadrature axis. 
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QUESTIONS AND PROBLEMS 


1. What are the differences between the integrating gyro and the spring- 
restrained rate gyro? 

2. What torque balances exist in an integrating gyro? 

3. What does an integrating gyro integrate? 

4. How does the density and change in viscosity with temperature com¬ 
pare between silicone oil and the fluorocarbon used as the flotation fluid 
in the integrating gyro? 

5. What means are usually employed to compensate for flotation fluid 
viscosity change with temperature in an integrating gyro? 

6. What is the angular momentum of an HIG-3? An HIG-5? 

7. What is the difference between stabilization with a normal displace¬ 
ment gyro, and with an integrating gyro? 

8. Sketch an integrating gyro used to measure angular rate. 

9. Compare the dynamic ranges and threshold rates of integrating and 
spring-restrained rate gyros. 

10. To what are the gimbal deflections proportional on the rate, integrating 
and displacement gyros? 
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What a Stable Platform Is 

A stable platform is the name given to anything which remains stable in 
space. We have already considered some simple stable platforms. The 
servo-controlled table, operated from HIG signals, is a platform stable 
about one axis. The rotors in a vertical gyro or a directional gyro are really 
stable platforms—stable about two axes. See Fig. Z-42. An antenna stabilized 
by rate or integrating gyros might also be considered a stable platform. 

Stable platform ta a relatively new phrase in gyro language. Its exact 
meaning is not yet clearly defined. For example, consider an ordinary two- 
degree-of-freedom gyro. The outer gimbal is stabilized about the outer 
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gimbal axis, and might be called a stable platform about one axis. But the 
inner gimbal and the rotor are stabilized about two axes: The outer gimbal 
axis and the inner gimbal axis. Therefore, the inner gimbal and the rotor 
might be called stable platforms, stabilized about two axes. In this section, 
we will consider in detail stable platforms that are stabilized about two 
and three axes. 

Remote Antenna Stabilization 

A common example of a two axes stable platform is the radar antenna. 
If you think of the radar antenna as a flashlight, and the radar beam as 
the light beam, you can see that stabilization is only required about two 
axes to keep the radar beam pointed at some particular object. See Fig, 2-43. 
With most radar antennas (just as with the flashlight) it does not make 
any difference if there is roll around the beam. This method of stabilizing 
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is sometimes called line-of-sight stabilization. The axis about which the 
antenna dips is called the elevation axis; the other is called the azimuth or 
yaw axis. 

If the antenna can be stabilized about the elevation and azimuth axes, the 
antenna is truly a stable platform about two axes. There are at least three 
ways in which this can be accomplished. First, the antenna can be slaved 
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to a remote two-degree-of-freedom gyro—which is also gimballed about 
the elevation and azimuth axes. This gyro reference looks very much like 
the directional gyro, except that there is no leveling and probably no slav¬ 
ing to a North reference about the azimuth axis. See Fig. 2-44. 

The elevation angle pir.koffs on the gyro and antenna are compared. Any 
difference generates an error signal which feeds an amplifier driving a 
servo motor on the elevation axis of the arttenna. The servo motor drives 
the antenna about the elevation axis until the outputs of the two pickoffs 
compare and the error signal is reduced to 0. Exactly the same type of 
servo control loop is used to keep the antenna lined up with the gyro 
reference about the azimuth axis. In this instance, there are really two 
■md the antenna. 
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GixnbcdHng Sequence 

Let us digress for a moment and consider a problem common to stable 
platform work. Notice in the previous example that the antenna and gyro 
are gimballed in the same sequence. That is, both have the azimuth axis 
connected to the airframe or base surface, and both have the elevation 
axis connected to the stable element. There is no problem in directly com* 
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paring the azimuth or pairs of elevation piekoffs. However, it is sometimes 
necessary (due to mechanical design considerations) for the gimballing 
sequences on the antenna, and gyro, to not be the same. For example, it 
may be desirable to build the antenna with the elevation axis connected 
to the airframe, and the azimuth axis connected to the antenna dish, 
while the gyro gimballing sequence remains as before. But things are not 
bo simple. If the aircraft were to simply pitch, everything would be fine 
since the two elevation axes piekoffs would measure exactly the same 
angle. However, if the aircraft were to pitch and yaw at the same time, 
the azimuth pickoff on the reference gyro would measure the true azimuth 
angle of the aircraft. With the gimballing errors discussed for the direc- 
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tional gyro, the pitch pickoff would not measure the true pitch angle of 
the aircraft (the angle through which the plane has rotated about its 
athwartship axis). But because the antenna is gimballed with the elevation 
axis connected to the airframe pitch axis, the antenna elevation pickoff 
does measure the true aircraft pitch angle. At the same time, the antenna 
azimuth pickoff does not measure the true aircraft azimuth angle. There¬ 
fore, the pairs of pickoffs cannot be directly compared because they are 
not measuring the same angles. See Fig. 2-45. 
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Relations Between Gimbal Angles 

The relations among the various angles are somewhat complicated. Tan 
(antenna azimuth pickoff angle) equals tan (gyro azimuth pickoff angle) 
times cos (antenna elevation pickoff angle). Tan (gyro elevation pickoff 
angle) equals tan (antenna elevation pickoff angle) times cos (gyro azimuth 
pickoff angle). 

However, by choosing the proper pickoffs for the various axes, or by 
using a small computer to set up the required relationships, the antenna 
can be slaved from the gyro. See Fig. 2-46. Since it is not easy, this kind 
of arrangement is avoided wherever possible. 


Stable Table Mounting 

The second method of stabilizing the antenna is to mount it on a stable 
platform. In this ease, some sort of table is stabilized from a gyro reference 
—in exactly the same manner as the antenna was stabilized directly, How- 
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ever, the table provides a stabilized mount for the antenna, and any other 


instruments requiring base motion isolation. See Fig. 2-47. 
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Antenna as a Two Axes Stable Platform 

The third method of stabilizing the antenna is to mount rate or integrating 
gyros directly upon the antenna structure. Let us see how HIGV can be 
used. 

One HIG is mounted to the elevation axis with its input axis along the 
elevation axis. Now the designer has a choice of how to align the spin 
and output axes. In the section on rate gyros, we showed how there may be 
a component of angular momentum along the input axis, if the gimbal 
deflects at all during operation. This makes the gyro sensitive to inputs 
along the normal spin axis, giving rise to cross-coupling errors. In Fig. 
2-48, the designer has the choice of aligning the gyro spin axis with either 
the azimuth or roll axes. He aligns the spin axis with the axis which will 
have the lower angular velocity. Note that the elevation axis HIG sees 
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the aircraft roll rate which is the same as the antenna roll rate. For this 
example, it is assumed that the azimuth rates will be greater than the 
roll rate, so the spin axis is aligned with the roll axis. This puts the out* 
put axis in alignment with the azimuth axis. But it senses an azimuth rate 
which is the aircraft azimuth rate, combined with any additional antenna 
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azimuth rate introduced through the azimuth control loop. A servo motor 
is geared to exert torque about the elevation axis, in response to outputs 
from the elevation HIG signal generator. 

The outer gimbal axis of the structure is aligned with the aircraft azimuth 
axis; The azimuth HIG is mounted with its input axis along the azimuth 
axis. Choices face the designer with respect to mounting the azimuth gyro. 
The gyro could be mounted on the elevation axis, with the input axis 
aligned with the azimuth axis. By doing so the gyro would be subjected to 
both the aircraft pitch rates and the antenna elevation rates. For this reason, 
the gyro is usually mounted directly on the azimuth axis. There is still 
the problem of how to align the spin axis, In Fig, 2-49, the roll rates will 
probably be higher than the aircraft pitch rates, and the azimuth HIG 
spin axis is aligned with the aircraft pitch axis. This means that the output 
axis will be aligned with the roll axis. 

Another servo motor is geared to exert torque about the azimuth axis in 
response to outputs from the azimuth HIG signal generator. Servo ampli¬ 
fiers are provided between the signal generators and the servo motors. Cir- 
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cuitry is employed to control the gyro ambient temperatures and maintain 
damping at a constant value. In the HIG units shown, there are contained 
temperature sensitive resistors. This resistor is connected as one leg of 
a conventional resistance bridge. Any unbalance in the bridge means that 
the resistor is not at the calibrated value because the gyro is not at the 
correct temperature. This unbalance feeds the temperature control ampli* 
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fier, which in turn drives the gyro beater blanket. The control temperature 
must always be higher than the ambient temperatures expected, since there 
is no way that the control system can cool the gyro below the ambient. 

Any space motion of the antenna is detected by the HIG's which generate 
signals to drive the servo motors; These motors drive the gimbal structure 
in such a way that there is no net motion of the antenna. Since the antenna 
is now stabilized, It is possible to use pickoffs on tbe antenna to provide 
stabilization signals for other equipment. 

Sometimes other correcting signals must be introduced into the antenna 
correcting loop. For example, it may be necessary that the antenna be 
made to scan about some fixed line. Or it may be necessary to introduce 
tracking signals (see Fig. 2-50), so that the radar beam points at a particular 
object on the ground even though the vehicle is moving on which the 
antenna is mounted. Where the antenna is slaved from some central refer¬ 
ence gyro, the correcting signals are usually inserted between the reference 
gyro pickoff and the antenna position pidkoff. If the antenna is being 
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stabilized by HIG’s directly on the antenna structure, correcting signals 
are commonly introduced through the HIG torquer. If correcting signals 
are required in the antenna stabilization loop, it is unlikely that the antenna 
can be used as a stabilization reference for other equipment. 

Vertical Gyro and Directional Gyro Stabilize Three Axes 

Consider now the three axes stable platform. Frequently, stabilization 
about only two axes is not sufficient An aircraft or missile autopilot 
reference, for example, must generate information regarding movement 
about the roll, pitch and azimuth (yaw) axes. There are radar antennas 
that use a non-symetrieal beam about the line-of-sight, and must employ 
three axes stabilization for this reason. Where stabilization is required 
about three axes, a remote gyro is most often used. In the simplest case, 
the stabilization signals are obtained from a vertical gyro and a directional 
gyro. See Fig. 2-51. Roll and pitch references are provided by the vertical 
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gyro, and the azimuth reference is provided by the directional gyro. When 
this combination of instruments is used* there is no physical reference 
platform stabilized about three axes. This is because the vertical gyro is 
not stabilized about the yaw, and the directional gyro is not completely 


^ * 

Pi 

f 

mm 

■*« 

uV 

>r 

! 

i 


2-48) 




THREE GYRE THREE GIMBAL PLATFORM WITHOUT CONTROL OR PICKOFF COMPONENTS 


STABLE PLATFORMS 


stabilized in the horizontal. The only true three axes stable platform under 
such conditions is the equipment being slaved to the gyros. Slaving single 
equipment (such as an antenna) to two gyro references becomes complicated 
because of the differences in gimballing sequences. As indicated earlier, 
problems arise because the piekoffa on the gyros are not generally measur¬ 
ing the same angles as are the pickoffs on the stabilized equipment. The 
only time the outputs coincide are during straight and level flight. If the 
vehicle maneuvers, a direct correspondence in signals no longer exists and 
some compensation must be provided. The problem of relating one set of 
angles to another is usually referred to as coordinate transformation, and 
is most often accomplished by using resolvers in conjunction with a 
simple computer. 
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Three Gimbol Platform 

It is usually easier to build a three axes stable platform reference. Then 
the equipment can be designed to have the same gimbaliing sequence as has 
the stable platform. One such configuration is shown in Fig. 2-52. In this 
instance, three separate rotors are used : Two establish the vertical, and one 
sets the azimuth reference, It is also possible to usc a single rotor to estab¬ 
lish the vertical. 

The roll gimbal is attached directly to the airframe, and is stabilized about 
the roll axis by the roll gyro rotor. The tilt axis of the roll gyro rotor 
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lies along the pitch axis. Connected to the roll gimbal is the pitch gimbal. 
The pitch gimbal is stabilized about the pitch axis by the pitch gyro rotor. 
This rotor has its tilt axis along the roll axis. The pitch gimbal is also 
stabilized in roll, because it is attached to the roll gimbal, Finally, the 
azimuth gimbal is attached to the pitch gimbal, and is stabilized about 
the azimuth axis gyro by the azimuth rotor. The tilt axis of the azimuth 
gyro is in the horizontal plane of the pitch gimbal. Therefore, the azimuth 
gimbal is stabilized about the roll and pitch, because it is mounted in the 
pitch gimbal. It is stabilized about the azimuth by the azimuth gyro rotor. 
The azimuth gimbal and rotor are the only elements in the platform that 
are actually stabilized about three axes. This configuration is called a 
three gimbal platform. 
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Three Gimbal Platform Roll Erection 

There is more to a platform than just gimbals and rotors. The roll and 
pitch gyros each have an erection loop and a centering loop. Let us take 
a close look at the controls for the roll gyro (see Fig 2-53). The erection 
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signal for the roll gyro is obtained from a two axes vertical pendulum 
mounted on the pitch gimbal. This signal is fed (through relay contacts) 
to the input of the toll erection amplifier. Feeding directly into the roll 
erection amplifier* is a correction signal to compensate for the earth’s 
rotation (earth’s rate correction—ERC). This correction is earth’s rate 
times cos (heading) times cos (latitude). The output of the roll erection 
amplifier drives the roll erection torquer located on the tilt axis of the 
roll gyro rotor. One other correction is used in the roll erection loop. 
When an airplane goes into a turn, the roll pendulum flies out and no 
longer lines up with the gravity vertical. Rather than have the roll gyro 
erect to the false vertical, a roll rate gyro is used to cut-off the roll erec¬ 
tion signal from the pendulum. The output of the roll gyro energizes a 
relay which disconnects the roll pendulum output from the input to the 
roll erection amplifier. When the turn is completed, the output from the 
roll rate gyro goes to 0, the relay returns to its initial position, and the 
erection signal is connected to the amplifier. 

Three Gimbal Platform Roll Centering and Caging 

The centering signal for the roll gyro rotor is obtained from a pickoff on 
the roll gyro rotor tilt axis. This signal is fed (through switch contacts) 
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to the input of the roll centering amplifier and the output of the roll 
centering amplifier drives the roll centering torquer located on the roll 
axis. As pointed out previously, it is sometimes desirable to quickly line 
U P the gyro rotors and the gimbals with the base surface. This is called 
caging , See Fig. 2-54. 

Suppose that the input to the roll centering amplifier is transferred from 
the output of the roll centering pickoff to some constant signal. This would 
cause the roll centering torque motor to continuously exert a torque 
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about the roll axis. This constant torque would cause the roll gyro to pre- 
cess about its tilt axis. The angular freedom about the tilt axis is usually 
kept to just a few degrees. Therefore, the roll gyro rotor would quickly 
hit up against a mechanical stop. However, the mechanical stop is located 
on the pitch gimbal, and the pitch gimbal axis coincides with the roll gyro 
tilt axis. When the roll gyro hits the mechanical stop, it begins to carry 
the pitch gimbal with it, around the pitch axis. The pitch erection system 
begins to sense this rotation of the pitch gimbal and compensate for it. 
But the gyroscopic torque from the roll gyro centering loop is so much 
greater than the torques that are brought to bear in the pitch erection loop 
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that the processing roll gyro rotor completely dominates the pitch erection 
control. In fact the torques are so high, the pitch gimbal can br_ processed 
very quickly: Through 90 deg in less than a minute. 

Why not use this method of control for caging? Where do we get a signal 
to put into the roll centering amplifier ? It could be obtained manually, 
but then the operator would have to be right on his toes to turn it off 
in time. Let us do it mechanically. Look at the gimbal pickoffs, These 
pickoffs are usually aligned so that they have 0 output when the aircraft 
is in straight and level Bight. Whenever these pickoffs show a 0 signal, 
the gimbal associated With that pickoff lies in the same plane as the vehicle 
carrying the platform. Why not use the pitch gimbal pickoff to provide 
the pitch caging signal? That is what is done on this representative 
platform. 
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When the caging button is operated, the input of the roll centering ampli¬ 
fier is transferred from the output of the roll centering pickoff to the 
output of the pitch gimbal pickoff. The roll gyro rotor begins to precess 
the pitch gimbal until the output of the pitch gimbal pickoff goes to 0. At 
this time the pitch gimbal is lined up with the pitch plane of the aircraft. 
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The roll gitnbal gets caged the same way. The input of the pitch centering 
amplifier is switched from the output of the pitch centering pickoff to 
the output of the roll gimbal pickoff. This causes the pitch gyro rotor to 
precess until the roll gimbal lies in the roll plane of the aircraft. See 
Fig. 2-S5, 

Three Gimbal Platform Boll Caging on Azimuth Gyro 

We have a caging system. But there is one question: What is happening to 
the azimuth gyro all the time? Remember that the azimuth gyro is affected 
by both the roll and pitch gimbals. Since the heading could be anything 
when caging is initiated, the effect on the azimuth gyro cannot be predicted. 
It can only be said that the spin axis and the tilt axis lie in a plane estab¬ 
lished by the roll and pitch gimbals (Fig. 2-56), Generally, the azimuth 
gyro begins to precess rapidly about the azimuth axis. It may also precess 
against its tilt axis, stop, and begin to exert large torques on the roll and 
pitch gimbals. In any case, it is not usually possible to cage the azimuth 
gyro at the same time the roll and pitch gyros are being caged. Most 
automatic caging systems provide, for sequencing so that roll and pitch 
caging is accomplished first, before attempting to control the azimuth. 


[Vail yroyoftionai to air8j?se4 


Tractamelei ii^sal far 
ffilch srwtian cutout 


Three Gimbal Platform Pitch Controls 

The erection and centering control loops used for the pitch gyro are 
much the same as those described for the roll gyro. You could almost go 
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back through the description and change all roll to pitch and vice versa. 
There are some differences, however. The ERC correction applied to the 
pitch erection amplifier is earth’s rate times sin (heading) times cos 
(latitude). In addition, another correction is applied to the pitch erection 
loop to compensate for aircraft motion over the earth’s surface (earth’s 
profile). This correction is equal to ground speed divided by the earth’s 
radius. The pitch erection cutout signal is not usually obtained from rate 
gyros. Pitch pendulum errors arise from changes in airspeed. Frequently, 
these changes do not persist for any extended period, and therefore do not 
give rise to the same size errors as are common in turns. However, for very 
sophisticated systems (where you want to keep the vertical error as low 
as possible), means are employed to measure the rate-of-change of airspeed. 
One way to do this is to use a servo system to reproduce a shaft angle 
which is proportional to airspeed (say 10 angular degrees equal 36 knots). 
A tachometer mounted on the shaft will translate the speed of the shaft 
(which is proportional to how fast the airspeed is changing) into a voltage. 
When the voltage gets to a selected level, indicating a troublesome level 
of rate-of-change of airspeed, the pitch erection cutout relay is energized, 
removing the output of the pitch pendulum from the input to the pitch 
erection amplifier. See Fig. 2-57. 

Three Gimbal Platform Azimuth Controls 
The controls associated with the azimuth gyro look like the roll and pitch 
gyro controls. The azimuth centering reference comes from a pickoff 
mounted on the azimuth gyro tilt axis. This pickoff feeds (through switch 
contacts) the azimuth centering amplifier. The azimuth centering amplifier 
drives the centering torque motor mounted on the azimuth axis. The 
input of the centering amplifier can be transferred from the centering 
pickoff to an azimuth slew signal, so that the azimuth gyro can be rapidly 
brought to any heading. When the azimuth gyro is slaved to a specific 
heading (such as North) the control is achieved with the azimuth slaving 
system. The output of the slaving reference, modified with the variation 
correction, is compared to the output of the azimuth gimbal pickoff. Any 
difference feeds the azimuth slaving amplifier. This amplifier drives the 
azimuth slaving torquer located on the azimuth gyro tilt axis. ERC cor¬ 
rection—earth’s rate times sin (latitude)—is also introduced into the 
azimuth slaving amplifier. 

It was stated earlier that the only part of this stable platform actually 
stabilized about three axes are the azimuth rotor and gimbal. When we say 
stable platform, however, we usually refer to the whole gyro structure 
and the associated controls. To avoid pickoff problems due to gimballing 
sequence, any device slaved to this stable platform should be gimballed as 
follows: Roll gimbal attached to the airframe; pitch gimbal attached to 
the roll gimbal; and azimuth gimbal attached to stabilized equipment. 
In this way, the stable platform pickoff angles will be exactly the same at 
the equipment pickoff angles. See Fig. 2-58. 
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Gushed Lock 

The three gimbal stable platform described has one limitation. Although 
complete gimbal freedom (360 deg) can be provided on the roll and azimuth 
axes, the freedom about the pitch axis must be limited to less than plus 
or minus 90 deg to avoid gimbal lock. Gimbal lock is a condition where 
the gyro rotor no longer has two-degree-of-freedom. For example, suppose 
that the aircraft carrying this platform climbs straight up. If the platform 
has 90 deg freedom about the pitch axis, the pitch gimbal will stay hori¬ 
zontal, but the roll axis will be vertical, and will coincide with the spin 
axis of the roll and pitch gyros. The picture is a bit clearer if we assume 
that the vertical reference is obtained from a single rotor as shown in 
Fig. 2-59. In the nose up position, the roll axis coincides with the vertical 



gyro rotor spin axis. In this condition the gyro rotor has only one-degree-of- 
freedom (freedom on the pitch axis). Suppose an angular velocity is 
applied on the gyro about the yaw axis of the aircraft. The gimballing no 
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longer has sufficient freedom to rotate in such a manner that the gyro spin 
axis can remain stationary in inertial space and, therefore, torque is applied, 
to the gyro. The gyro begins to precess violently about both the roll and 
pitch axes—a condition called tumbling. Therefore, as the aircraft proceeds 
into and out of the maneuver, the vertical reference is lost. 
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Limiting Pitch Freedom 

Let us limit the pitch freedom to less than 90 deg (say 89 deg). This does 
not help. As the aircraft exceeds an 89 deg climb, the pitch gimbal hits a 
mechanical stop on the roll gimbal. Since the roll gimbal does not have 
freedom about the pitch axis, the pitch gimbal and the vertical gyro rotor 
begin to be carried along with the vehicle. Once the gyro rotor is forced 
to move in inertial space, torques develop which are sufficient to tumble 
the gyro. See Fig, 2-60. You can see how this three gimbal configuration 
places a severe limitation upon aircraft maneuvers. 

Four Gimbal Platform 

To prevent maneuvering limitations due to gyro tumbling, the four gimbal 
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10 J platform was developed. This configuration, shown in Fig. 2-61, Is similar 
to the three gimbal structure discussed before, except that an extra roll 
’ 1 gimbal has been added. To avoid mechanical complications, the azimuth 
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gimbal portion is servo controlled from the vertical gyro section, rather 
than being mechanically connected. The vertical gyro section uses only 
one rotor. As shown, the outer roll gimbal is attached to the airframe. 
The pitch gimbal is attached to the outer roll gimbal, and an inner roll 
gimbal is attached to the pitch gimbal. A pickoff is provided between the 
airframe and the outer roll gimbal to. obtain a roll output signal, and a 
pickoff is provided between the outer roll gimbal and the pitch gimbal to 
obtain a pitch output signal. An additional pickoff is used: Between the 
pitch gimbal and the inner roll gimbal. This pickoff is used to position 
the outer roll gimbal in such a manner that the ianer roll gimbal always 
remains at right angles to the pitch gimbal. The control works in the fol¬ 
lowing way. If the Inner roll gimbal is not at right angles to the pitch 
gimbal, the inner roll pickoff puts out a signal. Through an amplifier, this 
drives a servo motor mounted between the airframe and the outer roll 
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gimbal. This signal causes the servo motor to rotate the outer roll girnbal 
until the inner roll pickoff is 0, This servo motor does not torque the vertical 
gyro as does the roll centering servo motor used on the three gimbal plat¬ 
form, because the vertical gyro rotor has freedom about the inner roll axis. 
With this configuration, the outer roll gimbal, the pitch gimbal, and the 
azimuth gimbal all have 360 deg of freedom. The inner roll gimbal is 
limited to about 20 deg of freedom. 

Unlimited Maneuverability 

Now let us get the airplane climbing straight up again. See Fig. 2-62. 
The outer roll gimbal, carried with the vehicle, is straight up. The pitch 
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axis still coincides with the aircraft pitch axis, and the inner roll gimbal 
axis coincides with the aircraft yaw axis. Look what happens if the air¬ 
plane does a wingover by rotating about its yaw axis. Since the gyro rotor 
has a degree-of-freedom about the aircraft yaw axis, this maneuver does 
not force the rotor to move in space. Hence, no disturbing torques are 
developed and the gyro does not tumble. The reference is maintained 
during and after the maneuver. In this configuration, as with the three 
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gimbal platform discussed before, the only part stabilized about three 
axes is the azimuth gimbal. The roll and pitch gimbals are stabilized 
about only one and two axes, respectively. The three gimbal and four 
gimbal platforms discussed so far are usually employed as stabilization 
references, providing roll, pitch and azimuth signals that can be used 
to stabilize the aircraft with the autopilot, or used to stabilize a remotely 
located antenna. 


QUESTIONS AND PROBLEMS 


1. What is a stable platform? 

2. What are two ways of stabilizing an antenna? 

3. Why is it desirable to have the stabilized unit gimballing sequence 
correspond to the gimballing sequence of the stable element? 

4. Under what conditions will equivalent pickoffs give the same informa¬ 
tion (between the stabilized element and the stable element) ? 

5. What determines the alignment of the spin axis of an antenna stabiliz¬ 
ing gyro? 

6. What factor may prevent a stabilized antenna being used as a stable 
reference for other equipment? 

7. Sketch a three gimbal, three gyro platform showing the gimbals, rotors, 
stabilization pickoffs, and erection or slaving torquers. Label each ele¬ 
ment with its appropriate axis. 

8. Explain how an automatic vertical caging system works. 

9. What is gimbal lock? 

10. What is the primary advantage of a four gimbal platform? 
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Navigation 

Recently, another application for the stable platform has been developed. 
The stable platform has become the heart of inertial navigation systems. 

Navigation is the problem of getting where you want to go. See Fig. 2-63. 
Every time you drive your car to the store you are navigating. The problem 
with the car is not too bad, because there are plenty of street signs. When 
you are lost, there is usually a gas station you can stop off in. In addition, 
you can usually predict the time you wili arrive. You can check the distance 
on a map. As you drive, your speed is indicated on the car’s speedometer. 
Dividing the distance by the speed gives the time it should take to reach 
a destination. The automobile driver has a comparatively easy job of 
navigation. 
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For the airplane pilot, it is more complicated. Often he can’t read road 
signs. He must continually pick put ground check points to compare with 
his navigation charts. When the weather is overcast, and he cannot see 
objects on the ground, he must depend upon his radio navigation gear and 
his flight instruments. Inaccuracies in the flight instrument mean accurate 
navigation under overcast conditions must be done with radio beams coming 
from ground stations. If it were not for ground based navigation aids, only 
a few brave individuals would consider flying any distance. 
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A ship captain on the high seas uses the stars for his road signs. When the 
sky is cloudy, he must depend upon the ship’s instruments, which are 
relatively inaccurate and cau be used fqr only short-time predictions. 

Navigation Methods 

Each navigator (the driver, the pilot, and the ship’s captain) is using only 
one dr two methods to find his way. With charts, maps, or radio aids, he is 
comparing his observations with the spot on the chart which would give 
that same observation. See Fig, 2-64. You do all this when you drive. 
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You come to the intersection of Routes 30 and 38, for example. By checking 
the map for that intersection, you get a good picture of where you are. 

The other method is dead reckoning. Distance and direction to the final 
destination are known. By controlling heading and speed, the navigator 
knows that he will reach his objective within a certain amount of time. 
A port 1,000 mi North can be reached in SO hrs by steaming dye North at 
an average speed of 20 mi/hr (If knots) Dead reckoning is frequently 
used with charts, by picking up check point* along the way. The ship 
captain wants some indication during the 50 hrs that his direction and 
speed are right. He would know, for example, that with the speed and 
bearing given, an island should be sighted in 12 hrs. 
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Check Points 

To navigate, external check points are usually required. It is unlikely that 
someone would attempt to drive from New York to Chicago without being 
able to see out of his car. An airplane pilot cannot always afford the 
luxury of seeing his checkpoints, but an elaborate radio checkpoint system 
is available. What if you cannot use external checkpoints. Use radio aids? 
No, because someone else might not let you put beacons on his territory. 
High frequency beacons coming from our bases will work only over limited 
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regions, about 200 mi from the transmitter. Low frequency systems can be 
jammed rather easily. How about using radar? The enemy can detect that 
radar is being used and has all sorts of jamming means at his disposal. 
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What about detecting heat sources (infrared) like cities or motors. It is 
too easy to set up dummy heat sources or to use infrared search lights 
and fool the detectors. Track on the stars? Under clouds, visual observation 
is obscured. Moreover, if you can see, you can also be seen and this makes 
you a pretty good target. See Fig, 2-65. 

Dead Reckoning Information 

We require a self-contained navigation system that does not require ex¬ 
ternal check points. If we know distance and direction to a target we can 
get there by accurately controlling the vehicle. Direction is not difficult 
to measure. Accurate versions of directional gyros are available. But the 
problem of distance is something else. Think about how distance is meas¬ 
ured in an automobile (see Fig. 2-66). The car’s odometer measures distance 


AUTOMOBILE ODOMETER MEASURES DISTANCE 
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by counting wheel rotations. Suppose the wheels are about 28 in in diameter. 
This means that each time the wheel makes a complete revolution, the car 
moves forward about 88 in. Therefore, for every 72 wheel revolutions, the 
odometer clicks off another tenth of a mile. 
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Distance, then, is measured by something in contact with both the vehicle 
and the base surface. Unfortunately, this cannot be done in an airplane. 
No one can trail a wheel behind a plane flying 8 to 10 mi up. 

Measuring Velocity 

Let us measure velocity. One of the first formulas you learned in physics 
was: Distance is equal to the average velocity times elapsed time. If you 
can measure the average velocity (say in mi/hr) and multiply it by elapsed 
time (in hrs), you have found the distance travelled in that amount of time. 

Velocity is not too hard to measure in an automobile. The speedometer 
indicates how fast the wheels are turning, but velocity is measured by some¬ 
thing in contact with both the vehicle and the base surface—and this is 
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FIG. 2-67 
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not practical in an airplane. Does an airplane not have an airspeed meter? 
It must have since back in the section on vertical gyros we talked about 
the earth’s profile correction which depends upon knowing airspeed. But 
the airspeed meter in an airplane works by monitoring air pressure dif¬ 
ference. See Fig. 2-67. What it actually measures is the speed of the air¬ 
plane with respect to the air mass in which it is flying—not with respect 
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to the ground. If the airspeed indicator shows 400 mi/hr, it means that the 
plane is moving at that speed with respect to the air mass. If the air mass 
were also moving (a wind) the ground speed might be quite different. 
With a SO mi/hr headwind, the ground speed would be 350 mi/hr.: while 
with a 50 mi/hr tailwind, the groundspeed would he 450 mi/hr. This error 
is not too great if the information is just being used For a vertical correc¬ 
tion. It would be intolerable as a basis for computing distance travelled 
with any accuracy. 


Newton's Second LafW 

Sir Isaac Newton published a monumental book in 1086, called Philocaphise 
Naturalis Prim ip/a Mathematic (The Mathematical Principles of Natural 
Science). In it, he clearly stated the three natural laws upon which the 
science of mechanics has been based The second of these laws provided 
the foundation for distance measuring in self-contained navigation sys¬ 
tems. See Fig. 2-68. Newton recognized that force equals mass times 
acceleration. You use this principle every time you step upon a scale to 
weigh yourself. The force you exert upon the scale (your weight) equals 
your mass times the acceleration due to gravity. On earth, this acceleration 
is 32.2 ft/sec/sec. On other planets, the acceleration due to gravity is dif¬ 
ferent. Therefore, if you weigh 150 lbs on earfh, you would weigh 4,184 
lbs on the sun, 57 lbs on Mars, and 128 lbs on Venus. 

The Accelerometer 

All acceleration is not due to gravity. Whenever the velocity of a body is 
changed, that body experiences an acceleration—since acceleration means 
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the rate of change of velocity. The thing that causes the vertical pendulum 
on a vertical gyro to kick-up is acceleration in the horizontal plane. This 
acceleration develops force which adds vectorially to the force due to 
gravitational acceleration, and the pendulum no longer lies along the 
gravity vertical. 

How can we use Newton’s second law to measure acceleration? Suppose 
we have a block- of brass resting on a frictionless surface. In addition, 
there is a spring between the block and the base, as shown in Fig. 2-69. 



Accelerate the block and the spring, and a force will be developed on 
the block which is a function of the block mass (measured in slugs) and 
the block’s acceleration (measured in ft/see/sec). If the block has a mass 
of 1 slug and is accelerated by 1 ft/sec/sec, a force of 1 lb is developed. 
This 1 lb will cause the block to move and deflect the spring until it 
stretches enough to develop a balancing 1 lb force. Change the acceleration 
to 3 ft/sec/sec and the spring deflects 3 times as far to develop enough 
counter-acting force. By mounting a pitkoff between the block and the 
base, we get a measure of spring stretch which is also a measure of the 
block's acceleration. 

This process should not be strange. It is about the same thing that was done 
in the spring-restrained angular rate gym. Keep one point in mind, how¬ 
ever: The rate gyro measures angular velocity—the rate of change of an 
angle. This device, an accelerometer, measures rate-of-change of linear 
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velocity; See Fig. 2-70. (It is possible to build an angular accelerometer—a 
device which measures the rate of change of angular velocity—but we 
have no need for such a gadget in inertial navigation systems.) Another 
point is that the accelerometer measures acceleration in inertial space, 
This means that if it were put on an aircraft or missile, it would measure 
the vehicle's linear acceleration along the accelerometer’s sensitive axis. 
Finally we have a gadget which measures motion and does not need contact 
with the earth. 
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Turning Acceleration Into Distance 

Let us return to some fundamental definitions. Acceleration is defined as 
the rate-of-cbange (or derivative) of velocity. Similarly, velocity is the 
rate-of-change-of position or distance. If A is the derivative of B, then B 
is the integration of A, Therefore, velocity is the integral (summing up) 
of acceleration, and distance is the integral of velocity. By integrating 
acceleration twice, we get distance- 

Getting distance from acceleration is schematically shown in Fig. 2-71., 
It can be accomplished in a number of ways: Electrically or mechanically. 
To illustrate, consider the electric motor, Suppose the motor speed is 
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proportional to acceleration. This can be done by having a variable speed 
motor driven from the output of an accelerometer. Rev/min of the motor 
would be proportional to ft/sec/sec. At the end of a period of time, the 
motor shaft will have turned through some total number of revolutions, 
depending upon the instantaneous value of voltage from the accelerometer. 
The total shaft rotation is then the integral of the accelerometer output. 
This means that the total shaft rotation angle is a measure of the linear 
velocity of the body on which the accelerometer is mounted. Suppose 
that there is a multi-turn potentiometer mounted on the motor shaft, which 
is able to put out a voltage proportional to the total angle through which 
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CONVERTING ACCELERATION TO DISTANCE 


the motor shaft has turned. The voltage from the potentiometer is also 
a measure of the linear velocity. Now, feed this voltage into a second 
variable speed motor. The speed of the second motor is proportional to 
the linear velocity of the body on which the accelerometer is mounted. 
The total shaft rotation of the second motor is proportional to the integral 
of velocity. Therefore, the total shaft rotation of the second motor is pro¬ 
portional to the linear distance covered by the body on which the accelerom¬ 
eter is mounted. This is just one way to convert acceleration into distance 
by double integration. 

Fig. 2-72 shows how this accelerometer system might be used to measure 
the distance travelled by an automobile travelling in a straight line. When 
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the car first starts, the accelerometer which is shown in the sketch as a 
block supported between two springs is in a 0 position. Therefore, the 
output produced by the accelerometer is aero (0), the output produced by 
the first integrator (velocity) is 0, and the output produced by the second 
integrator (distance travelled) is 0. Now the car just begins to start up 
which means it has to change from 0 velocity to some velocity and this 
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means that the automobile is accelerating and has rate of change of veloc¬ 
ity, Under these conditions the accelerometer displaces from the 0 position 
and the block moves against the spring so that there is some output from 
the accelerometer and the output is proportional to acceleration. This 
output is fed into the first integrator so that the output of the first integra- 
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tor is proportional to the velocity at that moment and with the velocity 
input integrator at 2, the output of integrator 2 is the voltage proportional 
to the distance travelled by the automobile. Finally, the car reaches the 
desired speed and begins to move along at constant velocity. With constant 
velocity the acceleration is 0 and therefore the output of the accelerometer 
returns to 0. However, the output at integrator 1 remains proportional to 
the vehicle velocity at that point It is supplying a constant input into inte¬ 
grator 2, and the output of integrator 2 continues the change since its 
output is proportional to the distance travelled. 


Doubly integrated output 
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shows total path travelled 
but gives no information 
about final location 


• You would get the same 
reeding from either path 


Resolving Accelerations 

In the scheme just described, the output of the second integrator is the 
distance travelled along the line of acceleration of the automobile. But let 
us suppose that the car is turning and not travelling in a straight line. 
As the output of the second integrator is total distance travelled (without 
reference to direction) we do not really have any information as to where 
the car finally ends up. To find this final position, we must know the dis¬ 
tance the vehicle has travelled in terms of the three axes coordinate system. 
See Fig. 2-73, This goes back to our discussion about resolving a vector 
into its two components. We resolve a vector into two components because 
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usually we only mean a vector in a flat plane. It is entirely possible, 
however, to resolve a vector into three components when we refer to it 
in space; 


RESOLVING MISSILE PATH 
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Stabilized Accelerometers 

Take the example given in Fig. 2-74. Here we show a ballistic missile 
being fired through space. If we used the simple accelerometer-integrator 
scheme discussed so far, all we would be able to do is find out the velocities 
and distances travelled along the flight path of the missile. This would not 
give us much geographic information on where the missile is in space. The 
acceleration of the missile is considered a space vector. As a space vector 
we can ’resolve it into three mutually perpendicular components: One 
along the X axis, one along the Y axis, and one along the Z axis. If we 
could find a way of monitoring the accelerations (or velocities and dis¬ 
tances) along each of these three inertially stabilized coordinates, we 
would know at any time, where the missile is in space. Instead of mounting 
the accelerometers directly upon the missile, suppose we mount them on 
a stable platform. As we learned before, the stable platform has the property 
of setting up in space three mutually perpendicular axes—or stabilized 
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coordinate systems. Therefore, if we simply mount the stable platform on 
the aircraft or missile and mount the accelerometers on each of the sta¬ 
bilized axes, we can get outputs which will at all times show where our 
missile is in space. Basically, that is the story. 

Alternate Ways of Building an Inertial Platform 

The accelerometers are the basic measuring devices in an inertial naviga¬ 
tion system. A stable platform is only needed to establish and stabilize the 
axes along which the accelerometers will sense motion. However, inertial 
navigation systems are so new, there is not yet a standard method. At the 
moment, there are three commonly used approaches: Geometric, semi- 
analytic, and analytic. Some of the features of each appear in Fig. 2-75. 
In general, each system solves differently the following problems: How 
is earth’s rate to be put into the system—since, generally, the position 
information is required with respect to the earth’s surface, and how is 
the local vertical to be tracked? 



Geometric Inertial System 

One method, called the geometric inertial system, uses gyros fixed in 
inertial space (see Fig. 2-76). There are no drives on the gyro oriented 
through local vertical or anything similar. It simply uses the basic inertial 
rigidity of the gyro as a place to start. This initially stabilized platform is 
then connected to a second platform through a drive shaft running parallel 
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to the earth’s North South axis. The second platform is driven at earth's 
rate through this shaft by some kind of a time drive. A motor, for example, 
could be used. The second platform is also gimballed so that its orientation 
could be modified as a result of heading and vehicle velocity. These are the 
same corrections that were put in our vertical gyro to resolve earth’s rate 
around the roll of pitch axis, and to take into account the vehicle motion. 
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The necessary accelerometers are mounted on the second package. Two 
accelerometers are used on the accelerometer platform—one measuring 
along the track or projected ground line of the vehicle motion, and the 
other measuring at right angles to that. This is called cross track. 

Since it is the output of the accelerometers which are being used to track 
a local vertical , flight progress can be determined by direct measurement 
of the geometric angle through which the accelerometer platform has been 
driven from its initial position. This simplicity is an advantage. There is, 
however, a disadvantage: Since the gyros stay fixed in inertial space, 
they effectively tumble (rotate) through the earth’s gravity field. This 
gives rise to errors which are difficult to correct. Furthermore, by the 
time you pile the gyro gimbals on top of the accelerometer gimbals, you 
have a complex mechanical structure. This configuration then gets rather 
large and begins to weigh quite a bit. 
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Semi-Analytic Inertial System 

The second method is called the semi-analytic inertial system, see Fig. 2-77. 
This is similar to conventional vertical gyros, because the accelerometers 
are mounted directly oft the stable platform—much as the vertical seeking 
pendulums are mounted on the vertical gyro. The whole system is now 
tied to the local vertical, and the outputs of the accelerometers can be used 
to find vehicle distance with respect to the vertical. There are at least 
two advantages to this approach. The mechanical complexity is less because 
only three gimbals are required. There is no special platform or separate 
platform required to mount the accelerometers. Moreover, the gyros stay 
fixed with respect to the earth’s gravity field. Therefore, only an initial 
correction is required to compensate for any unbalances. On the other 
hand, to keep this system operating properly, the gyro torques must be 
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Pure Analytic Inertial System 

The third method is called the pure analytic inertial system. See Fig. 
2-78. Both the gyros and the accelerometers remain fixed in space with no 
effort made to orient either to the local gravity. This system is as mechani¬ 
cally simple as the semi-analytic system because only three gimbals are 
required. However, a fairly elaborate computer is needed to find out 
exactly where the vehicle is. 
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In the other two systems, the accelerometers are kept in a horizontal 
plane. Therefore, the accelerometers are riot sensitive to gravity and the 
outputs can be directly related to position with respect to earth coordinates 
No additional information is needed about altitude. 

In the pure analytic system; Three accelerometers.'are. needed; a computer 
is needed to keep track of the local vertical and to subtract the gravity 
effect from the accelerometer outputs; and a coordinate transformation is 
needed to change from the platform coordinates of x, y, and z, to earth 
coordinates of latitude and longitude. Altitude information is needed 
since the acceleration due to gravity is dependent upon altitude. 
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Inside-Out snd Outside-In Gimballing 

Physically, an inertial platform can be designed either inside-out or 
outside-in. See Fig.- 2-79. With conventional outside-in gimballing, the 
gyros and accelerometers are mounted in a compact package and the 
gimfaal rings required to give the necessary degrees of freedom are wrapped 
around this center. It is similar to the core of a golf ball which has rubber 
banding wrapped around it out to final size. Proponents of this approach 
claim better environment and simpler alignment techniques. 
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Inside-out gimballing has the gyros and accelerometers mounted in dum- 
bell fashion, connected by a stiff post. Gimbals then build up around the 
center post, resulting in a more potentially compact package—since only 
the outer gimbal need cleat the instruments. Proponents of inside-out 
gimballing fed that the resulting structure operates better when subject 
to vibration. 
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Hybrid Systems 

Earlier, we discussed the advantages of inertial navigation and how it is 
undesirable to have any outside means such as radar or star trackers pro¬ 
vide information for such navigation systems. For a long flight, however, 
system accuracies are often not -quite good enough For operation without 
some kind of external corrections. The Doppler radar is frequently used to 
provide correcting information regarding vehicle velocity. Sometimes, 
stellar navigation is used for checks on position. 
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In the stellar navigator, it is desirable to have the telescope used to sight 
on stars, well stabilized. Often, the telescope is mounted directly on the 
stable platform. In this application, a kind of inside-out gimballing is used 
oh the gyro so that a clear view can be obtained of the stars, without gimbal 
intervention. An example of this inside-out (or internal) giroballing is 
shown in Fig, 2-80. Inertial navigation systems using some outside refer¬ 
ence are called hybrid systems, or aided inertial navigation systems. 

Coriolis Acceleration 

Before leaving inertial navigation, let us talk about one of those forces 
oi nature everyone has heard of but tries to ignore: Coriolis acceleration. 
There would be no Coriolis problem if the earth were not rotating, but it 
is. That is where the trouble starts. Suppose for a moment the earth were 
not rotating. A vehicle flying a straight ground course from the equator 
to the North Pole would also make a straight track in space as shown in 
Fig. 2-81. But the earth is turning. Therefore, to effectively fly a straight 



ground course, the pilot must continuously change the magnitude and 
direction of his aircraft's tangential velocity as shown by the curved 
space track. Acceleration is defined as any change in velocity, whether 
magnitude or direction. This particular acceleration is known as coriolis 
acceleration—an acceleration due to a rotating frame of reference. 
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A correction factor is introduced into the output signals of the North 
South and East West accelerometers to correct for coriolis acceleration. 
This correction depends upon earth’s rate, latitude and vehicle’s ground 
speed in the East West or North South direction. 


QUESTIONS AND PROBLEMS 


1. What is an inertial guidance navigation system? 

2. What does dead reckoning mean? 

3. What are some objections (in wartime) to using infrared or radar as 
detecting means for a navigation system? 

4. What is the basic measurement made in an inertial navigation system? 

5. What is Newton’s second law? 

6. Why is Newton’s second law so important to inertial navigation 
systems? 

7. Sketch a simple accelerometer. 

8. How does one get distance from acceleration? 

9. Why do you need a stable platform in an inertial navigation system? 

10. Of the three ways of building an inertial platform, in which does: 
A. The accelerometers track the local vertical; and B. The most com¬ 
plex gimballing occur? 
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DIFFICULTIES OF GYRO CONSTRUCTION 


Performance Rczoge 

We have been concerned with how gyroscopes work and why they are used. 
The whole story of the gyroscope is not told simply in terms of a spinning 
wheel. Fundamentally, it is that, but why are some gyroscopes the size of 
a small radio tube, while others are larger than small cars? Why do some 
sell for less than $200 and others for more than $100,000? 

The basic reason for the wide variance in gyroscopes (see Fig. 2-82) is 
the order of performance requited from the instrument. Crude units may 
be permitted to drift hundreds of deg/hr, while precision gyroscopes 
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must have drift rates of less than .01 deg/hr. For example, suppose you 
want to build an instrument capable of guiding a 600 mi/hr airplane to a 
destination 500 mi away, with an accuracy of }/ 2 mi. A gyro drift of l / 2 min 
of angle (remember that there are 60 min deg) will cause a distance error 
of y 2 mf It turns out that the gyro drift: cannot exceed .01 deg/hr. 
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Low Torque Required 

What does a rate of .01 deg/hr mean? At the rate of .01 deg/hr it would 
take more than 4 years to make 1 rev. The hour hand of a clock, for example, 
travels 3,000 times faster than .01 deg/hr. These problems are not especially 
new. Twenty years ago, gyro compasses were built for the Navy that had 
to have drift rates in the order of .02 to .04 deg/hr. ft is only within the 
last decade that anyone has fried to put gyros with this performance in 
an airplane. 
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Let us consider what is necessary to keep the drift rate of a gyro down to 
.01 deg/hr. Say we are working with a gyro whose angular momentum (H) 
is 10 a grh'Cm 2 /sec. Since torque equals angular momentum times angular 
velocity (W), stray torques must be kept to the order of .01 to ,05 dyne-cm. 
This is not a lot of torque. As a matter of fact, it is roughly equivalent to 
the force of sunlight or solar radiation pressure on your hand. See 
Fig. 2-83. 

Standards of Cleanliness 

We have been working with forces of extremely small magnitude. This 
means that the gyros, must be built under carefully controlled conditions. 
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No dift can be allowed to enter the units. The standard of cleanliness 
can best be explained in the. following way: It can be compared to the 
cleanliness required in watch making. The rooms in which gyros are built 
are usually temperature and humidity controlled People who work in 
these rooms are required to wear special clothing and special hafs. Nylon 
smocks are worn to eliminate possibilities' of lint and dust. Special gummed 
mats are used outside of the assembly room doors to pick up flakes of dust 
which may be on shoes. Workers are required to completely change their 
clothes (including underwear) to prevent the introduction of dust and 
dirt into the clean rooms. Women working in these rooms are not permitted 
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to wear powder since flakes of powder might get into the very delicate 
mechanisms. No pencils are permitted in the rooms because of the possibili¬ 
ties of graphite chips, or that someone might inadvertently attempt to use 
an eraser. See Fig. 2-84. 

Torques Independent of Acceleration 

Since the primary usefulness of a gyro is its ability to remain fixed in 
space, the error? normally associated with a gyro are related to its random 
wander or drift These errors derive from stray torques. These torques 
are generally classified by two groups: Those which are independent of 
acceleration, and those which are dependent upon acceleration. 

Among the torques which are independent of acceleration are those which 
result from external magnetic fields or atmospheric changes (see Fig. 2-85). 
Gyros exhibit different drift rates depending upon the proximity of 
other components such as electric motors. Magnetic fields from other 
gyros may act uj * petic elements of the gyro, giving rise to magnetic 
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There are certain manufacturing faults which will give trouble. Generally, 
these take the form of this may give torques of only 

a few dyne-cm. Sticking may uceur because dust or hairs get trapped in 
the flotation and get into the gap between the gimbal and the inside case. 
This gap is as small as .005 in {about the. thickness of a piece of paper). 

Other manufacturing problems include damaged gimbal pivot bearings, 
flex leads (which may deflect in unpredictable ways), and bouyant forces 
(which may cause the flux leads to drag against the case). See Fig. Z-86. 
Corrosion of metal parts may change mechanical tolerances. The flotation 
fluid may gum up or contain air bubbles which may get trapped in the 
damping gap. In assembly, some of the metal parts may become distorted 
and cause interference. 

Moving coil pickups and torquers are often preferred to iron core trans¬ 
ducers because magnetic reaction torques can be virtually eliminated. 
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The microsyn is used frequently, however, because the: rotor does 
not require leads, and difficulties are sometimes encountered due to the 
moving Iron core. This moving iron core may give rise to magnetic torques 
which are difficult to balance out. All bearings give rise to torques which 
are independent of acceleration. Friction levels of the very best ball- 
bearings. called instrument bearings, are in the order of 10 to 100 dyne-cm. 
(Remember the .05 dyne-cm needed to keep the drift rate of a precision 
gyro below ,01 deg/br.) 
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In gyros whose performances depend upon accurate torquing, errors arise 
because of limitations of the torquing accuracy. See Fig. 2-87. The linearity 
of torque versus applied current can be held to about 1 part in 10,000, 
Furthermore, to maintain the accuracy of torque versus precision rate, 
angular momentum must be held to very tight tolerances. This means that 
the speed of the wheel must be maintained accurately. This can he done 
with special driving circuitry. 

Torques Dependent Upon Acceleration 

Consider what would happen if for some reason the gyro Wheel were to 
shift. Ideally, the structure of the gyro is balanced so that all Weights 
(including the wheel and the gimbal) act as if they were concentrated on 
the point determined by the intersections of the spin axis, sensitive axis, 
and output axis. See Fig. 2-88. In this case, all weights would act directly 
on the pivot bearing and no unbalance torques would be set up, since there 
is no moment arm. 
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Let us suppose, however, that, the wheel shifts slightly. The wheel on 
the precision gyro weighs about TOO gr.u, How fat must it shift to give 
rise to .01 dyne-cm? The shifti*.equivalent to about 10~ 7 cm. This is not 
very much. As a matter of face, U is the order of t/40 of the wavelength 
of visible light. To avoid mass 'shifts'; the^ gyro wheels are generally pre- 
loaded. Preloading consists of applying constant farced pressure to the 
wheel structure; much the same as if there were a spring between the case 
and the wheel. Unfortunately, the more pressure applied, the higher the 
friction level. The higher the friction leVet the shorter the life, so that as 
in other aspects of gyro design, mechanical configuration is a matter of 
compromise. 
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Although the gyro appears to be mounted rigidly in the metal gimbals, 
any metal structure has some lack of rigidity. It acts like a spring (a very 
stiff spring), which means that the construction has compliance and will 
give tinder sufficient force. If the spring constant is the same in all direc¬ 
tions, during acceleration the mass will shift along the line of acceleration. 
This becomes clear by imaging the construction similar to the old type 
carbon microphone. See Fig. 2-89. The carbon button has been suspended 
from a metal frame by a series of coil springs. In a similar way, the gyro 
wheel is suspended from the gimbals by a series of equivalent springs. 
If these springs have equal spring constant, the gyro wheel (like the carbon 
mike button) moves along the line of acceleration. Before acceleration 
occurred, the wheel center of gravity coincided with the gimbal axis. 
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During acceleration, the wheel center of gravity moved away from the 
gimbai axis but along the line of acceleration. Therefore, although a force 
is produced by the acceleration acting on the wheel mass, the line of force 
passes through the gimbai axis and no torque is produced because the 
moment arm is 0. While it may be possible to build a carbon mike so that 
the coil springs have the same spring constants, it is virtually impossible 
to design a mechanical structure that way. The term given to the structure 
that has equal spring constants in all directions is isoelastic. Generally, 
a gyro structure is non-isoelastic. 


Rotor in gimbals act? like an old carton button 
luspendod by springs from a micrapbooa frame 


Non-isoelasticity causes tire wheel to deflect along the line which is not 
coincident with the line of acceleration. See Fig. 2-90. Because the wheel 
has deflected along a line which is not coincident With the line of accelera¬ 
tion, the line of force resulting from the acceleration acting on the wheel 
mass does not pass between the wheel center of gravity and the gimbai 
axis. The (shortest) distance between the wheel center of gravity and 
the line of acceleration passing through the gimbai axis is actually a 
moment arm. The wheel mass times the acceleration equals a force. And 
force times moment arm results in a torque about the gimbai axis. Under 
vibratory conditions, the torque is rectified and constant undesirable 
error is present because of the non-isoelesticity. The effect is particularly 
bad since it does not depend upon the first power of acceleration but upon 
the square of acceleration—and will therefore be especially troublesome 
during high acceleration 


Go gle 
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Floated gyros of the HIG type are subject to acceleration errors because 
of the effect of the flotation fluid. The flotation fluid can cause two prob¬ 
lems. First, if a temperature differential exists across the float gimbal, 
the fluid on the hot side will move away from the applied acceleration, 
resulting in fluid circulation. Since the fluid will drag on the gimbal, 
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a torque as high as 2 dyne-cm might result from a differential of only 1 
deg centigrade. This emphasizes the importance of maintaining uniform 
temperature around the gyro. Some gyros have been mounted in solid 
aluminum blocks in an effort to eliminate thermal gradients. 

The second temperature effect is dependent upon the center of buoyancy. 
An Archimedean principle says that the force on a floating body is equal 
to the weight of the liquid displaced. The place at which this force acts 
is at the geometric center of the body: The center of huoyancy. See Fig. 
2-91. If the body is perfectly symmetrical, both geometric and in terms of 
weight distribution, the center of buoyancy will coincide with the center 
of gravity. If the body is not perfect however, the center of gravity and 
the center of buoyancy will not coincide. At a particular temperature, 
the buoyant force can be made to balance out the weight force. 

If the temperature of the fluid changes, the density also ehahges. This 
means that the buoyant force is not the same as it was at the calibration 
temperature. Hence, the cancellation of torques no longer exists, and 
drift results. 
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Gyro bearings normally introduce only friction. Therefore, the torques 
are not acceleration sensitive. But it is possible to get acceleration sensi¬ 
tive torques from bearings because of bearing noise. This mechanical noise 
may resonate the mechanical structure and accentuate any tendency of 
the rotor or the mechanical structure to creep. This can give rise to stray 
torques due to mass shifts. 
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Sperry Rotor Race 

When it comes to building gyros with very high performance, it is not 
surprising that many different schemes are being tried. Each is designed to 
reduce the problem of bearing friction or stray torques. 

One method, called rotor race, developed by the Sperry Gyroscope Co., 
has succeeded in reducing the drift of a conventional autopilot directional 
gyro from about 3 deg/hr to about .25 deg/hr. This method involves a 
relatively low cost modification of the ball-bearings on the gyro sensitive 
axis. Ball-bearings are not perfect. Minute differences in ball size, slight 
out-of-roundness, and tiny particles of dirt add up to enough friction 
torque to give troublesome random drifts. Since it is not possible to predict 
where these irregularities will show up, there is ho way to compensate the 
gyro unit. In the rotor race method, however, the gimhaj ball-bearings are 
continuously rotated—first in one direction and then in the other. In this 
way.the effects of any hearing irregularities are averaged out, resulting 
in improved performance. Instead of using the conventional two race 
ball-bearing, the rotor race design uses the three race units shown in 
Fig. 2-92. Basically, the bearing is two concentric bearings with the outer 
race of one serving as the inner race of the other. A small servo motor 
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Ballistic Missile Air Gimbai Bearing 

Another approach to the problem of reducing gimbai bearing friction is to 
eliminate the ballbearing altogether. One design originally developed in 
Germany and now used in many of the Army and NASA missiles uses 
air bearing. See Fig. 2-93. In this case the gimbals are supported about the 
sensitive axis on an air cushion. The air bearing is formed by a cylinder 
enclosed in a housing supplied by constant air pressure with a constant 
clearance between the cylinder and the housing. The only contacts between 
the cylinder and the bousing are those made by the electrical supply 
conical pivot points (which are precisely located on the air bearing axis so 
that any friction force operates at almost 0 radius, and results in essentially 
0 torque about the air bearing axis). Air bearing friction levels are about 
one-ten-millionth of the frictions encountered in ordinary ball-bearing. 
This design has proved quite fugged. Gyros from recovered missiles have 
been found to be in good working order. 
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MIT Single Axis Floated Gyro 

Probably the most popular alternate construction to the conventional ball¬ 
bearing supported gyro is the single axis floated gyro developed by the 
Mass. Institute of Tech. Instrumentation Lab., under the direction of Dr. 
C. S. Draper. See Fig- 2-94. The idea here is to Completely float the gimbal 
in a supporting fluid so that bearings are not really needed at all. However, 
for mechanical stability, small, jewel pivots are used, much the same kind 
of a jeweled bearing that you have probably seen in your watch. We have 
already talked about some o£ the design problems encountered with 
floated gyro: The need for tight temperature control and the need for 
careful balance between the center of gravity and the center of buoyancy. 
To make the center of gravity and the center of bouyancy adjustments 
easier, the floated gyro gimbal is often equipped with a double set of 
weights. Both of the weights are adjustable about the axis of rotation. 
One weight has very high density, usually made from a tungsten alloy. 
The other weight is made from a lightweight material such as magnesium. 
The heavy weight is used to correct for center of gravity misalignment— 
since very small motion results in a comparatively large weight redistribu¬ 
tion. The lightweight is used to correct for center of bouyancy unbalance 
since the movement of the weight effects the volume distribution without 
grossly changing the weight distribution. 
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ARMA Two Axes Floated Gyro 

A somewhat different approach to the design of a floated gyro was taken 
by ARMA in the unit developed for the Titan missile In this, a two- 
degree-of-freedom gyro is floated. See Fig. 2-95. However, gimbai bearings 
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are completely eliminated and the gyro is kept centered by thin flexible 
centering wires. This suspension and centering arrangement results in 
very small torques being applied to the gyro. The suspension is friction- 
less since there are no gxmbal bearings or pivots. Since the fluid supports 
the gimbal almost perfectly the centering wires can be made very thin 
and flexible. This two-degree-oi-freedom design has certain advantages. 
Usually a two-degree-of-freedom platform is smaller and lighter than a 
Single a*is gyro platform for the same performance. The flotation fluid is 
a very good damper and any nutation oscillations die out rapidly. 
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NAA Free Rotor Gyre and Others 

So Far all of the gyros discussed have had fairly conventional bail-bearing 
rotor constructions. The variation has come in the sensitive axis bearings. 
There are gyros which are even further out. One such unit, developed by 
North American Aviation works much the same way as a pingpong ball 
supported on a jet of air. Have you pot been able to keep a ball airborne 
with just the blast from an ait hose? in the North American design. 
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called a free-rotor gyroscope (FRG), the entire rotor is supported on a 
spherical hydrodynamic gas bearing. In addition to low stray friction 
these bearings have the advantage of extremely long life. The rotor is 
freely supported on the gas bearing and has gyroscopic stability. As with 
a normal gimbal supported structure, the rotor stays put while the base 
surface moves in space. Essentially, this freely supported rotor acts like 
a two-degree-of-freedom gyro. One of the difficult problems that had to 
be solved was how to detect the position of the spinning sphere without 
introducing frictions or torques. The answer was to use capacitive rather 
than inductive pickoffs. A typical free-rotor, gyroscope-stabilized platform 
is shown in Fig. 2-96. 

Research into improved gyro construction is continuing. Electrostatic 
gyros being developed by Minneapolis-Honeywell and General Electric 
support the spinning rotor in an electric field. The science of Cryogenics, 
extreme cold, is being used to eliminate power losses. Electromagnetic 
suspensions are also being studied. Reports from one company indicate the 
nucleus of the atom is being harnessed to furnish the stable element. The 
workhorse ball-bearing supported gyro will be around for a long time. 
But its supremacy is being challenged by some extremely exotic designs. 
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Static <rod Scorsby Drift Tests 

It is not enough for the gyro manufacturer to know how a gyro works and 
what is the hest way to build it. After he is finished building and has a 
handful of hardware, he must find a way to determine if it is working prop¬ 
erly. Tests are conducted during manufacture, but these are usually 
designed to tell if the individual parts are working correctly. With position 
gyros, the usual parameter checked is drift rate. The simplest test is merely 
to put the gyro on a bench and monitor the output pickoffs. What should 
you measure on a perfect gyro? No change in output? Not unless there are 
some very special conditions. As we pointed out earlier, the gyro remains 
fixed in inertial space. Therefore, with respect to the bench, the gyro should 
show some drift, depending upon heading and latitude. Unless the test is 
being conducted at the North Pole, a gyro whose pickup does not show 
an apparent drift is stuck, or it is drifting opposite to earth’s rate. There¬ 
fore, it is not a perfect gyro. It is possible to position the gyro in such a 
way as to wash out the effect of earth’s rate. This is done in some testing 
procedures. In another drift test, the gyro is mounted on an oscillating 
platform called a Scorsby table. Generally, a Scorsby table (Fig. 2-97) 
rotates about a vertical axis* and rocks m the horizontal plane to produce 
oscillations about the roll and pitch axes. Since the Scorsby test tends to 
free gimbal bearings, Scorsby drift tests’ results will usually be more favor¬ 
able than results from a static drift test. 
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Integrating Gyro Tests 

A variety of test methods have been devised to check the performance of 
integrating gyros. One method uses the earth as a precision rate table. See 
Fig, 2-98. The integrating gyro is connected to measure angular rate by 
feeding the output from the pkkoff into the torquer. The torquer current 
is an accurate measure of angular rate. The gyro is clamped to the bench 
and the apparent angular rate is measured. Gyro drift is then equal to the 
measured angular rate minus the component of earth’s rate present in the 
test set up. 

In another test for integrating gyros, the unit is mounted on a sidereal 
table. This is a table whose axis of rotation can be aligned with the earth’s 
axis and whose rate of rotation, can be servo-controlled, or can be made 
equal to earth’s rate. If the table is made to rotate at earth’s fate (but in 
an opposite direction), then any apparent drift of the gyro must be 
random drift. Furthermore, the gyro can be connected to control the table 
rotation. If the gyro is operating perfectly, the table should make exactly 
one complete rev/day. Any deviation is a measure of the gyro drift rate. 
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Rate Gyro and General Tests 

The most important parameter checked on rate gyros is the accuracy of 
rate measurement. A controlled rotating table (a rate table) is used to 
calibrate rate gyros. See Fig. 2-99. This is done by mounting the gyro on 
the table with the input axis parallel to the axis of rotation. Various rates 
are set into the table and the rate gyro output is measured. An oscillating 
table is used to measure the natural frequency and damping characteristics 
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of the rate gyro. Generally, this is done by comparing the phase of the 
gyro output signal with the phase of a velocity pickoff mounted on the 
oscillating table, as the frequency of oscillation is varied. A phase differ¬ 
ence of 90 deg occurs when the table is being oscillated at the gyro natural 
frequency. A somewhat simpler test is to compare the phase of the gyro 
output signal with the phase of a position pickoff mounted on the oscil¬ 
lating table. Here, a phase difference of 0 deg is obtained when the table 
frequency equals the rate gyro natural frequency. The shape of the phase 
shift versus the table oscillating frequency curve is determined by the rate 
gyro damping. 

These are the main gyro tests. However, gyros are checked for a variety of 
other things, including pickoff and torquer sensitivity, power consumption, 
damping control, rotor bearing condition (by determining motor run down 
time), axis alignment and cross-coupling, sensitivity to angular and linear 
acceleration and velocity, vertical and directional accuracy, resolution, 
threshold and hysteresis. Gyros are periodically checked to determine 
performance under extreme environmental conditions of temperature, 
humidity, vibration and shock. 


QUESTIONS AND PROBLEMS 


1. Describe some of the working conditions required to produce low 
drift gyros. 

2. List three sources of random torques which are independent of 
acceleration. 

3. List four sources of random torque which are dependent upon 
acceleration. 

4. How does the Sperry rotor race reduce drift? 

5. How does the bearing friction level of an air bearing compare with 
that of a conventional ball-bearing? 

6. What is the function of the double set of balance weights upon a 
floated integrating gyro? 

7. How does the ARM A floated gyro differ from the MIT unit? 

8. What would a drift test run on a perfect displacement gyro show? 

9. What are two methods for testing the performance of an integrating 
gyro? 

10. Show the mounting of a rate gyro on a rate table to check for calibra¬ 
tion and axis alignment. 
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OTHER GYRO APPLICATIONS 


The Earth is a Gyroscope 

We have been concerned with the gyro as a transducer which provides an 
inertially stabilized reference line or plane for airborne stabilization 
applications. Let us note some other ways of applying the gyroscopic 
principle. 

First, consider a really detailed situation. Did you know that you have 
been living on an enormous gyroscope? Our planet (some 8,000 mi in 
diameter and rotating once each 24 hours) is really a spinning rotor with 
an angular momentum of ,53 times 10*° gm-cm 2 /sec* An HIG-40, in other 
words. Because of this enormous H, the earth for about as long as man 


knows, has maintained its axis pointing fairly well fixed in space: Within 
l deg of the North Star. The fact that the earth's axis remains fixed in 
space, coupled with the rotation of the earth about the sun, explains the 
changes of season, as illustrated in Fig- 2-100. Not only does the earth keep 
its axis pointing in the same direction, it also exhibits typical gyroscopic 
precession. As a matter of fact, the word precession was derived from the 
motion of the earth. A torque is applied to the earth as a result of the 
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gravitational pall of the moon and, to a lesser extent, of the sun. Hub 
torque tends to make the spinning axis of the earth more perpendicular to 
its plane of motion around the sun than it is. This produces a precession 
of the earth's axis about an axis in quadrature to both the spin axis and 
the torque axis. The result is earth's axis has a conical motion—one complete 
cycle taking 26,000 years. 

Rifling 

Let us take a look at the other end of the size scale: A rifle bullet A gun 
barrel is rifled to give the bullet a spin in flight. See Fig. 2-101. In many 
types of projectiles the center of air resistance is forward of the center 
of gravity. This means that if nothing were done, a torque would be set 
up which could turn the bullet over in flight and make the tip face back¬ 
ward. With the spin resulting from rifting, the bullet acts like a small gyro 
and the angular momentum tends to resist the air resistance torque. Like 
any other gyro, though, the torque does produce a precession. It makes the 
bullet drift in azimuth. This drift is allowed for in sighting the gun. 
The larger the projectile, or the faster the spin, the less is the precession. 
There is nothing to sustain the spin throughout the entire flight against 
the friction drag of the air and the bullet spin rate slows down with in¬ 
creased range. If the air resistance torque does not reduce as quickly, the 
azimuth drift rate increases with range.. , 
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Bikes, Hoops, and Tope 

One of the things that keeps you up on a bike is gyroscopic action. See 
Fig. 2-lQ2i You unconsciously use the law of gyroscopic precession to 
right yourself, if the bike begins to tip. Suppose, for example, you were 
riding down the street with your hands off the handlebars, and your bike 
begins to tip over to the right. You might grab for the handlebar to turn 
the front wheel to the left. But that does not work. If you turn the wheel 
to the right, into the tipping direction, this action rights the bicycle. By 
turning the wheel to the right, it begins to precess about a horizontal axis 
(at right angles to the direction of spin). This is the correct way to restore 
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the bike to an upright position. Centrifugal forces help too—but this is a 
book about gyroscopes. 

Remember the hoop and the spinning top? Both are kinds of gyroscopes. 
To turn the hoop, it did not do any good to try to push the back or front. 
This just caused the hoop to tip over. Instead, you tried to push the hoop 
over at the top of the rim. Spin vector into the torque vector, and the 
hoop turns by precessing about the vertical axis. When a top is slowed 
down, it does not just drop over. The spinning axis described a zone which 
slowly got flatter as the center of gravity descended. Precession came 
from a torque produced by the reaction forces at the tip, and the weight 
times the horizontal distance between the center of gravity and the tip. 
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Ship Stabilizers , 

Let us look at some other ways that gyroscopes have been used. There have 
been some attempts to use a gyroscope as a brute force ship stabilizer, 
to reduce a ship’s rolling. Such a gyro would be mounted as shown in 
Fig. 2-103. This is basically a single-degree-of-freedom gyro with the spin 
axis vertical and gimbal axis along the athwartship axis of the boat. 
Suppose the boat starts to roll. This means that a torque is being applied 
about the fore-aft axis of the ship, in quadrature to both the spin axis 
and the gimbal axis. At the same time, gyroscopic torque is developed 
about the fore-aft axis which opposes the force producing the roll. The 
gyroscopic torque will continue to oppose the rolling torque until the 
gyro precesses so that the spin axis aligns with the ship’s roll axis. At 
this point, the gyro .ceases to act as a roll stabilizer. This system would 
work fine if all stray torques were eliminated so that the gyro would not 
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drift; and if all rolling torques were of such magnitude and duration* 
and also symmetrical, so that the spin axis would never precess to be in 
alignment with the ship's fore-aft axis. These necessary conditions make it 
impossible to use an uncontrolled gyro. 

There is another way. Take a look at the system sketched in Fig. 2-104. 
The rolling motion of the ship is detected by a smaller single-degree-of- 
freedom control gyro mounted so that the spin axis is along the ship’s 
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atbwartship axis and the gimbal axis is along the vertical axis. The stabiliz¬ 
ing gyro is mounted as before, except that a small torque motor has 
been added which is geared to exert torque about the gimbal axis of the 
big gyro. This torquing arrangement is really very much the same as used 
in the centering system of a stable platform. When the ship rolls, the 
control gyro precesses about the vertical axis and contacts are closed 
which start the precession motor. The motor torques the big gyro around 
the gimbal axis which is the same as the ship’s athwartship axis. Law of 
gyroscopics, and the big gyro begins to precess about the roll axis of the 
ship in such a way as to counteract the roll motion which the control gyro 
detected. With this control gyro method it is possible to overcome the 
difficulties encountered by using a brute forte gyro for stabilization. These 
stabilizing gyros come big—some more than twice as tall as a man and 
weighing about 100 tons. Units this size are for an ocean liner, generally. 


[PRINCIPLE OF BR£NNANn90SMONORAIl CAR 


Gyrosterbiiized Cars 

There were some efforts early in this century to apply gyroscopes to land 
vehicles. In 1905, Louis Brennan of England invented a monorail car, held 
in dynamic equilibrium by gyroscopes. See Fig 2-105, Early models 
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used a single gyroscope, with the spin axis horizontal. A tiller was used 
to torque the gyro about a vertical axis and the resulting precession about 
the fore-aft axis of the car was sufficient to keep the vehicle upright. 
This was alright as long as the car went in a straight line. When the 
track curved, however, centrifugal forces acted against the gyroscopic 
forces and the car became unstable. To overcome this difficulty, Brennan 
used two similar rotors mounted side-by-side which rotated at the same 
speed but in the opposite direction. The gimbals were geared together 
for control purposes. When the car turned, the precession torques of the 
two gyros opposed each other and the car would turn without difficulty. 
August Stherl of Germany, and P. P. Schilowsky of Russia, also produced 
monorail cars during this same period. A gyroscopically stabilized two 
wheel automobile, of experimental importance, was produced in England in 
1914—-but it was not a commercial success. About 8 yeais ago, an improved 
monorail car was demonstrated in Germany, but apparently the Volks¬ 
wagen is in no danger. 



Binocular Stabilizer 


Another application of the gyroscope is as a binocular stabilizer. Most 
of us are nervous. This is not a problem, except when we are trying to 
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use high power binoculars (about 7 times 35 or stronger). Then these 
natural motions of our hands, trying to support the binoculars, are enough 
to seriously blur the image. The problem is especially acute when one 
tries to use binoculars on a moving vehicle such as a boat. Gadgets have 
been marketed which attach to the glasses and work like a ship stabilizer. 
The construction on one binocular stabilizer is shown in Fig. 2-106. Two 
single-degree-of-freedom gyros are contained in a cylinder attached to the 
binoculars. Both wheels have the spin axis vertical, but one rotor has 
freedom about the forward looking axis and the other has freedom about 
the transverse axis. The gimbal bearings are fine wires instead of ball¬ 
bearings. These wires tend to center the rotors. Let us look at the gyro 
with freedom about the forward looking axis. If the binoculars try to move 
about the transverse axis (which would be an elevation or depression 
of the glasses), the transverse gyro will precess about the forward looking 
axis and will, during this precession, exert a torque about the transverse 
axis which will cancel out the external torque trying to produce the mo¬ 
tion. The forward gyro works the same way in cancelling out motion abovit 
the forward looking axis. This same principle of stabilization has been 
used to steady hand held sextants used for navigation aboard ships. All 
of the gyro constructions used for direct stabilization have one feature in 
common: The rotor is free to precess about an axis in quadrature to the 
stabilization axis. As a matter of fact, some of the early gyro experimenters 
did not provide this precession freedom and their stabilization devices 
did not work one bit. Why the freedom? Go back to the law of gyroscopics: 
T equals H W p . If the gyro is locked in place, it means that W p equals 0. 
Therefore, T, the stabilizing torque, must be 0, and the gyro exerts no 
stabilizing force. 

Integrating Accelerometer 

The gyroscopic principle has been used to build a very accurate integrat¬ 
ing accelerometer. Remember, integrate means to sum up. An integrating 
accelerometer sums up accelerations and therefore measures velocity. 

As shown in Fig. 2-107, a configuration like the integrating gyro is used, 
except that the gimbal is made pendulous along the spin axis by making 
the gimbal unbalanced. The gyro case is mounted on a table which can 
be rotated about the gyro input axis. Suppose the structure is accelerated 
along the gyro input axis. The gimbal unbalance sets up a torque about 
the gyro output axis and, due to bearing loads, the gyro starts to precess 
about the output axis. This precession is detected by the pickoff on the out¬ 
put axis and an error signal is produced which drives a servo-motor 
through a servo-amplifier. In turn, the servo motor drives the table on 
which the gyro case is mounted at an angular rate about the input axis, 
just fast enough to produce a second torque about the gyro output axis 
which balances out the torque produced by the acceleration. Since the 
angular rate at which the gyro is moving about the input axis is propor¬ 
tional to the linear acceleration along the input axis, the total angle 
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through which the gyro rotates about the input axis is proportional to the 
linear velocity along the input axis The output of the ptckoff mounted 
along the input axis between the table and the base surface «s a measure 
of the linear velocity along, the input axis. 


MEASURING 

DIRECTION 
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Direction Finders 

Gyroscopes have been used in various forms as direction finders. Some 
directional gyros have been described earlier in this book. Compact two- 
degree-of-freedORi gyros have been used to provide a stabilized line-of- 
sight for surveying oil wells. Most of us think that oil wells are drilled 
straight down, but often this is not the case. In offshore drilling, for ex¬ 
ample, the rig is located on the shoreline and the drill is angled off under 
the bed of the body of water. Periodically, a gyro is dropped- down the drill 
shaft and measurements are obtained of the hole direction. By monitoring 
the. changes in hole orientation, and by knowing the depth to which the 
gyro has been dropped, it; is possible to plot the course of the drilling. 
Occasionally it is necessary to drill at an oblique angle in order to tap an oil 
pool located under a rock shelf and this also requires an accurate deter¬ 
mination of the drilling direction. 

Incidentally, boring direction is changed by changing the drill bit speed. 
A field-use direction fin • 'Ted ABLE, developed by North American 
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Aviation, Inc., can replace conventional, surveying, celestial and magnetic 
methods, of establishing a highly accurate arimuth: reference base line. 
Celestial methods requite star fixes and can be used only at night. Magnetic 
methods are involved since magnetic North must be determined before true 
North can be established. ABLE employs a highly sensitive rate gyro to 
monitor earth’s rotation. The rate gyro is adjusted until its input axis 
is perpendicular to the axis of earth's rotation. This is the point at which 
the rate gyro output is minimum. See Fig. 2*108. if ifie input axis of. the 
gyro is horizontal at the same time, the axis must be parallel to a true East 
West line. Once a true East West line is established, any other required 
direction can be found. 
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Remember Gyroscopics 

Gyros have been used as computing elements for aircraft gun sights. They 
have been used to control torpedos. They controlled the buzx-borobs of 
World War II, They were used as an artificial horizon irl marine navigation 
by an Englishman over 200 years ago, They stabilize naval and tank gun¬ 
fire. The principles of gyroscopics must be kept in mind by the designers 
of automobiles and jet engines because of the large gyroscopic effect of 
the flywheels on the bearing supports. See Fig, 2*109. 
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One tragic consequence of failing to account for gyroscopic precession 
occurred during World War II. The propellers on an airplane act like a 
pretty big gyro rotor. On American planes, the propellers rotate clock¬ 
wise as viewed by the pilot. Consider what happens when the pilot wants 
to bank to the right. As a result of propeller rotation, a gyroscopic torque 
is produced about the plane’s pitch axis, which tends to depress the nose. 



Resulting gyroscopic torque 
vector from right-hand turn 
nose-up torque 


RIGHT TURN 
VECTOR m 




Standard US Convention 


FIG. 2-109 


Standard BRITISH Convention 



Resulting gyroscopic torque 
vector from right-hand turn 
produces nose-down torque 


Now this is something each American pilot becomes familiar with and so 
he automatically compensates by pulling the joy stick back to produce an 
opposing torque and keep the plane level. But now the problem. It is 
conventional on British aircraft for the propellers to rotate in the opposite 
or counter-clockwise direction. This means that in a right turn, the British 
pilot learns to push the control stick forward to keep the nose down. 
Early in World War II, when British pilots came here to ferry back 
American planes, there occured a rash of unexplained crashes. The explana¬ 
tion is that British pilots would execute a right turn in an American plane. 
Out of habit, they would push the control stick forward to keep the nose 
down. But in American planes, gyroscopic torque from the propellers 
would also be tending to push the nose down in a right turn, and the pilots 
were flying their planes into the ground. 
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QUESTIONS AND PROBLEMS 


1. Why is the earth like a gyroscope? 

2. Why is a rifle bullet rifled? 

3. Show by sketch why a hoop turns when you press on the top. 

4. Explain why any brute force stabilizing gyro must have freedom to 
precess. 

5. What had Brennan, Scherl and Schilowsky in common? 

6. How will the binocular stabilizer react to rapid twisting motions of 
the viewer? 

7. Sketch an integrating accelerometer using a gyroscope. 

8. What does the output pickoff of the integrating accelerometer measure ? 

9. Explain briefly the operation of the NAA ABLE direction finder. 

10. A couple of pranksters hand a suitcase with a spinning rotor in it to 
a bell-hop. The spin axis is horizontal and perpendicular to the direc¬ 
tion in which the bell-hop will walk. What is likely to happen if the 
bell-hop rapidly turns a corner? 
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Abbreviations, 1-21—1-22 
ABLE direction finder, 2-106—2-107 
Acceleration, 1-51 
coriolis, 2-80—2-81 
mass shift under, 2-87—2-88 
measuring, 2-67—2-68, 2-86 
torque resulting from, 2-86—2-90 
Accelerometer: 
integrating, 2-105—2-106 
mass-spring, 2-67—2-68 
Accuracy, integrating gyro, 2-28 
Air bearing, 2-92 

Aircraft velocity causing drift, 1-39 

Amount gyro, 1-9 

Angles: 

Eulerlan, 1-8 
pitch. 1-8 

relationship between, 2-43 
roll, 1-8 

^yaw (azimuth), 1-8^ ^ ^ 

of earth, 2-31, 2-99 
Angular velocity, 1-6,1-39 
measuring with integrating gyro, 2-34—2-36 
measuring with rate gyro, 2-1—2-2, 2-18—2-20 
Antenna stabilization: 
from HIG, 2-44—2-48 

from remote two axes platform, 2-39—2-43 
from remote VG and DG, 2-48—2-49 
from three axes platform, 2-49 
with rate gyro, 2-22 
Apparent drift, 1-35—1-39, 1-89—1-90 
Archimedean principle, 2-89 
ARMA, 2-93—2-94 
Artificial horizon, 1-69 
Automobile. 2-103—2-104 
Autopilot, damper, 2-22, 2-61 
Autopilot gyro, 1-4, 1-41 
Axis: 

alignment test, 2-98 
centering, 1-66 
inner gimbai, 1-2 
input (IA), 2-3 
outer gimbai, 1-2 
output (OA), 1-66, 2-3 
pitch, 1-8 
precession, 1-17 
quadrature, 1-6 
roll, 1-8 

sensitive (SA), 1-66, 2-3 
spin, 1-2 

spin reference (SR), 2-3 
tilt, 1-66 

yaw (azimuth), 1-8,1-92 

Bail, 1-81 
Balancing, 2-93 
Ball-disc erector, 1-82 
Bang-bang erection system, 1-46 
Base motion isolation, 1-3 
Bearing: 
air, 2-92 
ball, 1-2 

electromagnetic, 2-95 
electrostatic, 2-95 
friction level, 2-86 
gas, 2-94—2-95 


gimbai, 

instrun 


1-2 


instrument, 2-86 
jewel, 2-93 
noise, 2-90 
preload, 2-87 
rotating, 2-90 
roto race, 2-90—2-91 
rotor, 1-2 

Bicycle as a gyro, 2-100 
Binocular stabilizer, 2-104—2-105 
Bouyant force, 2-89 
Brennan, Louis, 2-103 

Caging, 1-59, 2-52—2-54 
Captive gyro, 2-2 
Cardan, Jerome, 1-2 
Cartesian coordinates, 1-8 

w -- " 89, 2-93 


Center of gravity, 2-86, 2-89, 2-93 
Centering system, 1-66—1-67, 2-52 
Centering wires, 2-94—2-105 
Cleanliness during manufacture, 2-83—2-84 
Compass: 
gyro, 1-96—1-98 
magnetic, 1-89 

Compensated roll pendulum, 2-14—2-17 
Control system: 
caging, 1-59 
centering, 1-66 
DG spin axis, 1-94 
erection, 1-43—1-57 
fast erect, 1-58 
fast slave, 1-93 
initial erection, 1-57—1-59 
servo, 1-43,1-70 
slaving, 1-92 
Convectron, 1-76—1-77 
Conversion factors, 1-23 
Coordinate transformation, 2-49 
Coriolis acceleration, 2-80—2-81 
Critical damping, 2-8 
Cross-coupling error, 2-13—2-14 

Damped oscillations, 2-6 
Damping, 1-68 
autopilot, 2-22 

compensation, 2-10—2-12, 2-29—2-30 

critical, 2-8 

dashpot, 2-8 

eddy currents, 2-8 

factor. 2-7—2-8 

fluid, 2-6, 2-24, 2-29, 2-94 

gap, 2-9—2-12, 2-85 

mechanical compensation for, 2-11—2-12 
nutation, 2-94 
over, 2-8 

temperature control for, 2-9—2-11, 2-29, 2-89, 2-93 
test, 2-98 

variations with temperature, 2-9—2-11 
ways to obtain, 2-8—2-9 
Dashpot, 2-8 

Dead reckoning, 2-63, 2-65 
Degree-of-freedom, 1-8 
Descartes, 1-8 

Direction finders, 2-106—2-107 
Directional gyro, 1-5, 1-89—1-98 
Displacement gyro, 1-9 
Doppler radar, 2-79 
Drift: 

apparent due to earth's profile (aircraft velocity), 1-39 
apparent due to earth’s rate, 1-35,1-89 
apparent due to North steaming error, 1-96—1-91 
dynamic test, 2-96 

random, 1-41—1-42, 2-26—2-27, 2-82—2-89 
static test, 2-96 
Dynamic range, 2-36 

Earth's profile drift, 1-39 
Earth's rate, apparent drift, 1-89—1-90 
Earth's rate, use as test, 2-97 
Earth’s rotation (rate): 
general, 1-29 

horizontal component, 1-34—1-37 
vertical component, 1-34, 1-38 
Earth’s vertical, 1-28 
Eddy currents, 2-8 
Electrolyte, 1-76 
Electrolyte switch, 1-76 
E-pIckoff, 1-74, 1-84 
Erection: 
bang-bang, 1-46 
control, 1-43 

convectron-mlcrosyn circuit, 1-81 
cutout, 1-63, 2-55 
fast, 1-58 

inertial, 1-57—1-58 
linear, 1-44—1-45 
rate, 1-45 
roll, 2-51 

Schuler tuning, 1-59—1-61 


Center of 


Digitized by 


Google 


( 2 - 111 ) 


Original from 

UNIVERSITY OF MICHIGAN 



CUMULATIVE INDEX 


which to um 


(accuracy), 1-48—1-51 
(aircraft turn*), 1-54— 


with power of tan, 1-27 


which to use (summary), 1-57 
Errors 

acceleration, 2-89 
cross-coupling, 2-13—2-14 
difference between magnetic and geographic North 
1-93 

drift, 1-49—1-50 
glmballing, 1-94 
gyro sources, 2-84—2-90 
North steaming, 1-90—1-91 
reducing by calculating 
torquer, 2-86 
turn, 1-54—1-57 
vertical gyro sources, 1-48 
Euler, 1-8 

Eulerlan angles, 1-8 
Exponents, 1-26 

Fast erect, 1-58 
Fast slaving: 

glmballing error, 1-94—1-95 
North steaming error, 1-90—1-91 
slaving, 1-92—1-93 
Figure of merit (rate gyro), 2-5 
Figure of merit (rotor), 1-72 
Flotation, 2-29, 2-89, 2-94 
Fluid filled: 

integrating gyro, 2-24, 2-93 
rate gyro, 2-8—2-9, 2-12 
two-degree-of-freedom gyro, 2-93—2-94 
Fluorocarbon as damping fluid, 2-29 
Flux valve, 1-91—1-92 
Foucalt, Jean, 1-3 

Four gimbal platform, maneuverability, 2-80—2-61 

Free gyro, 1-6 

Free rotor gyro, 2-94—2-95 

Friction: 

reduction in air bearing, 2-92 
reduction in rotor race, 2-90—2-91 

Gas bearing, 2-95 
Geographic North Pole, 1-93 
Geometric inertial system, 2-74—2-75 
Gimbal: 
can, 2-9 

deflection in platform, 2-58, 2-60 
deflection in rate gyro, 2-12 
friction, 2-29 
Inner,1-2 
isoelastic, 2-88 
lock, 2-57—2-58 
non-isoelastic, 2-88 
outer, 1-2 
Gimballing: 
inside-out, 2-78 
outside-in, 2-78 
sequence, 2-42—2-43 
Gimballing error, 1-94 
Gyrocompass, 1-96—1-98 


[, 1-36 


1-37 


Heater, 2-10, 2-30 
Hoop, 2-101 
Horizontal component of earth's rate, 1-3J 
Hybrid system, 2-79—2-80 

Inclined spin axis, 1-64 
Inertia. 1-18 
Inertial navigation: 
accelerometer, 2-68 
aided, 2-80 
check points, 2-63 
corioiis, 2-80—2-81 
dead reckoning, 2-63 
geometric, 2-74—2-75 
hybrid, 2-79—2-80 
measuring acceleration, 2-67 
measuring distance, 2-65 
measuring velocity, 2-66 
navigation methods, 2-63 
platform. 2-74—2-78 
pure analytic, 2-77 


semi-analytic ,2-76 
Input axis (IA), 2-3 
inside-out motor, 1-72 
Instrument gyro, 1-9 
integrating gyro, 2-24—2-37, 2-93 
Integration: 

to obtain displacement, 2-25 
to obtain distance, 2-69—2-71 
to obtain velocity, 2-70 
Isoelastic, 2-88 

Latitude, 1-31,1-33 
Law of gyroscopic prececslon, 1-14 
Law of gyroscopic*, 1-18, 2-25, 2-105 
Linear differential transformer, 1-84 
Linear erection system, 1-44—1-45 
Longitude, 1-31—1-32 

Magnetic compass, 1-89 

Magnetic North Pole, 1-93 

Mass shift, 2-87, 2-90 

Mathematical principles of natural scisi 

Mercury switch, 1-73 

Meridian, 1-32 

Meridian convergence, 1-90 

Microsyn, 1-79—1-80, 2-30 

MIT integrating gyro, 2-93 

Moment arm, 1-13 

Monorail car, 2-103—2-104 

Natural frequency, 2-3—2-5 

Newton’s second law, 2-67 

Newton, Sir Isaac, 2-67 

Non-instrument gyro, 1-9 

Non-isoelastic, 2-88 

North Pole, 1-93 

North steaming error, 1-90—1-91 
Nutation, 1-68, 2-94 


Oil well surveying, 2-106 
Oscillating table, 2-97 
— ut axfs — “ 


S* 2 - 


Penduloslty, 1-96—1-98 


reference, 


al gyro, 1 


bail (Inverted), 1-81 
compensated, 1-64 
84-minute, 1-61 
electrolytic, 1-76 
E-pickoff, 1-74 
mercury switch, 1-73 
period, 1-43 

Photoelectric pickofT, 1-87 
Pickoff: 

capacitive, 2-95 
E-pickoff, 1-74 
inductive, 2-12 

locations compared, 2-36—2-37 
microsyn, 2-30 
photoelectric, 1-87 
potentiometer, 1-85, 2-12, 2-30 
resolver, 1-87 
synchro, 1-86 
use, 1-3, 2-12, 2-36—2-37 
Pin-ball erection, 1-83—1-84 
Pitch-bank compensation, 1-63 
Potentiometer, 1-85 
Powers of ten, 1-26 
in designating HIG, 2-31 
Precession: 
calculation, 1-20 
earth, 2-99 
from propeller, 2-108 
general, 1-17 
top, 2-101 
Preload, 2-87 

Pure analytic inertial system, 2-77 

Random drift, 1-41, 2-26, 2-27 
Rate: 

centering, 1-67 
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drift, 1-57 

earth’s, 1-29, 2-75, 2-97 
erection, 1-45 
gyro, 1-6, 2-1—2-22 
of turn for aircraft, 1-54 
of turn indicator, 2-21—2-22 
table, 2-97 

vibrating rate gyro, 2-18—2-21 
Resolution, 2-36 
Resolver, 1-87 
Rifling, 2-100 
Right hand rule, 1-18 
Right hand screw rule, 1-13 
Roll stabilizer, 2-101—2-103 
Rotor, 1-1, 1-72—1-73 
Rotor race, 2-90—2-91 


.... .r, 1-11 
Scherl, August, 2-104 
Schilowskv, P.P. 


2-104 


Schuler tuning, 1-59—1-61 
Scorsby table, 2-96 
Semi-analytic inertial system, 2-76 
Seml-iinear erection system, 1-46—1-47 
Sensitive axis (SA), 2-3 
Servo system, 1-43, 1-70, 2-40 
Ship stabilizer, 2-101—2-103 
Sidereal table, 2-97 
Silicone oil damping fluid, 2-9, 2-29 
Single-degree-of-freedom gyro, 1-6, 2-1, 2-24, 2-36, 
2-101, 2-105 

Slaving system, 1-92—1-93 
Space stabilized, 1-35 
Space tachometer, 2-21—2-22 
Sperry, Elmer, 1-4 
Sperry, Lawrence, 1-4 
Sperry rotor race, 2-90—2-91 
Spin motor, 1-1, 1-72—1-73 
Spin reference axis (SRA), 2-3 
Spring constant, 2-5 
Spring restrained rate gyro, 2-1—2-22 
Stabilization, 1-3, 1-70 
accelerometer, 2-73, 2-74 
antenna, 2-39—2-49, 2-61 
automobile, 2-103—2-104 
binocular, 2-104—2-105 
gimbaiung sequence, 2-42—2-43 
line-of-sfght, 2-39 
Stabilized reference line, 1-3, 1-42 
Stable platform, 1-7,1-94, 2-21—2-22, 2-31—2-32, 
2-39—2-60 

Stellar navigation, 2-80 
Synchro, 1-86 

Tachometer, space, 2-21—2-22 
Temperature control of damping fluid: 
drift source, 2-89 
in integrating gyro, 2-29—2-30 
in rate gyro, 2-9—2-10 
Tests: 

accuracy, 2-98 
damping, 2-98 
hysteresis, 2-98 
integrating gyro, 2-97 
natural frequency, 2-98 
power consumption, 2-98 
rate gyro, 2-98 
rate table, 2-97 
resolution, 2-98 
Scorsby, 2-96 
sensitivity, 2-98 
Sidereal table, 2-97 
static drift, 2-96 


threshold, 2-98 

Three gimbal platform: 
azimuth controls, 2-55 
caging effect on azimuth gyro, 2-54 
gimbal lock, 2-57—2-58 
pitch controls, 2-54—2-55 
roll caging, 2-52—2-53 
roll centering, 2-51—2-53 
roll erection. 2-51 
tumbling, 2-57 

Three-degree-of-freedom gyro, 1-7 

Threshold, 2-36 

Torque: 

balance in integrating gyro, 2-28 

calculation, 1-13—1-14 

centering system, 1-66 

dependent upon acceleration, 2-86—2-90 

drift producing, 1-41, 2-26—2-27, 2-83 

from damping fluid, 2-24 

from temperature difference, 2-89 

gyroscopic from propeller, 2-108 

independent of acceleration, 2-84—2-86 

mass shift, 2-87 

on earth from gravity, 2-99 

rate gyro, 2-3 

reaction, 1-41, 1-67, 1-87, 2-86, 2-95 
sources, 2-84—2-90 
Torquer: 

electromagnet, 1-77 
general, 1-43 
linearity, 2-86 
mechanical, 1-81—1-83 
microsyn, 1-79—1-80 
pancake induction motor, 1-78 
Torsion bar, 2-12, 2-20 
Tumbling, 2-57 
Turn compensation: 
compensated pendulum, 1-64 
erection cut-out, 1-63 
general, 1-54—1-56 
Inclined spin axis, 1-64 
pitch bank, 1-63 

Two-degree-of-freedom gyro, 1-6, 2-94—2-95, 2-106 
2-106 


Vector: 

direction, 1-13 
precession, 1-18 

resolution of, 1-29—1-31,1-36—1-37, 1-87, 2-13, 
2-72—2-73 
spin, 1-12 
torque, 1-13 

Vertical, earth's, 1-28. 2-75—2-76 
Vertical component of earth’s rate, 1-34,1-38, 
1-89—1-90 

Vertical gyro, 2-32, 2-34 
centering system, 1-66—1-67 
earth’s profile apparent drift, 1-39 
earth’s rate apparent drift, 1-35 
erection system, 1-44—1-61, 1-81—1-83 
erection torquers, 1-77—1-80 
general, 1-5, 1-28—1-70 
motor (rotor), 1-72—1-73 
pendulous reference, 1-73—1-77 
pickoffs, 1-85—1-87 
random drift, 1-41 
two rotor, 1-65—1-68 
uses, 1-44, 1-69—1-70 
Vertical pendulum, 1-42 
Vibrating rate gyro, 2-18—2-21 
Viscosity, 2-9, 2-24 
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BASICS OF MISSILE GUIDANCE 
& SPACE TECHNIOUES 

by Marvin Hobbs, P.E. 

Electronics la playing: a vital roJe In 
tbp race to achieve mastery pf wj«r 
spare and send manned missile* roeket- 
to the moon wvd beyond. ThU tWfc- 
yojuioe picture-book'* course dam ah 
excellent job of making understandable 
the fundamental® of the important 
areas of electronics that will con¬ 
tribute to the conquest of space. 

The author has taken great pains to 
be completely up to date in the Held 
of missile guidance. Many sources — 
civilian and military — have been 
pwbed. The result is an, easv-to-read 
explanation of each of the many tech- 
njfjUOA that are used in the guided 
. cusrife field. Each is made understand¬ 
able by a complementary illustration 
that shows what is done and how it is 
done. The "idea per page" format is 
Used with the related illustration be¬ 
ing on the same page. Thus, the ex¬ 
planation of the subject is seen as a 
package. The , ‘pieture-book M approach 
should not mislead the engineer into 
VeU«ylng-' tfefc these books merely 
simplify, Each of the two volumes Is 
rigorously correct technically, hub does 
make an effort to portray each thought 
most clearly. The "pietore-book" tftwh- 
alquo need in these two volumes hea 
already Provjim itself to be eminently 
; aiiceeasru! in making the most complex : 
. subjects understandable. Although the 
two volumes are not aimed to teach 
the design of. guided missiles, everyone 
bow engaged in this field or who views 
this area , of employment as a possible 
career, will find this course thoroughly 
readable and extremely informative. 

A course for personnel upgrading. 
it industry, it will serve admirably. If 
K suitable for classroom use or home 
study. Anyone who has an interest in 
the subject of guided missiles can 
profit by reading these books, A 
glossary explaining the missile guid¬ 
ance language is a feature of each 
volume. 

Soft Covers. 6 x 9", ilius. 

Individual volumes #229-I, £229-2 
#239, 2-volume sot 
#229 11. CWb Bound 


FUNDAMENTALS OF RADIO TE. TRY 

by Marvin Topper 

Telemetry is closely bound up h mis¬ 
sile and Aircraft development d with 
the coming conquest of outer *ab H 
makes possible the collection u iatu on 
which the improvement of existing 
rockets, missiles, and aircraft is based. 
This book introduces the reader to the 
fascinating field, of radio telemetry, «h» 
plains its purpose, and explores its tech¬ 
niques. Special sections ata devoted to 
missile and satellite telemetry hard¬ 
ware, and to data recording as well as 
processing. Numerous block diagrams, 
pictoriaUzed explanations, and photo¬ 
graphs accompany the eaey-to-read 
text. The illustrations Are specially pre¬ 
pared and carefully selected to provide 
maximum understanding of important 
telemetry fundamentals, 

Soft Cover, 0x9", ilia*. #325 

UNDERSTANDING VECTORS & PHASE 

by Kider <v l, ! slat* 

Vectors are the tools of the engineer. 
This book inakes this matheinstical tord, 
usable fcy ■.*# . . ..even those who haye ■ 
hod its’ eBgiBeeriftg.tsPAtrUhgf - 

Soft Cover, x7tf*\ *Uus. #J03 

UNDERSTANDING MICROWAVES : 

AbrWgsd Reprint ( J t ’ \ 

by Vh-iur Yimog, Wt.tl, .v • ./» 

This 'teex^is ». baric yet vigdroo* : 
> cussion of the funtatne'n&dk • at- 

WVjcs, their feuvrathjn. 
and application*. Vc rovers the. • 

m wtols: at, waveguides, .coaxial - Un#? .., 
and resonant *aviiies as they Cunriioir 
in' vofipeeMOP: with the . Magirntron/ ; 
Dynatn-.n, ami the Klystroh-Thfe;theory 
and design of antpHnas vrjed ip cori-: 
junction with the feafi®ft£ssiaj Aral 

i wept ion of trificrsiWaves. stf Also . ,’Ds- 
eussed. Electromagnetic and electro- 
static fields are expl»iped* B^kpse ; 9>£- ;.' 
a strong desire to make the book must - 
useful toi all who are interested in 
the subject, the mathematics has been 
placed m footnotes. 

Soft Cover, 5% x.8<*'\ jllus. #107 



